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The challenges in the deposition of dissimilar materials are mainly related to 
the large differences in the physical and chemical properties of the deposited 
and substrate materials. These differences readily cause residual stresses and 
intermetallic phases. This has led to the development of functionally graded 
materials which exhibit spatial variation in composition. Laser direct metal 
deposition due to its flexibility, it offers wide variety of dissimilar and 
functionally graded materials deposition. 
Despite considerable advances in process optimization, there is a rather 
limited understanding of the role of metallurgical factors in the laser 
deposition of dissimilar and functionally graded alloys. The aim of this work 
is to understand and explain mechanisms occurring in diode laser deposition 
of dissimilar materials and functionally graded materials. The first part of 
this work addressed diode laser deposition of Inconel 718 nickel alloy to Ti- 
6Al-4V titanium alloy. Here, the effect of laser pulse parameters and powder 
mass flow rates on the stress formation and cracking has evaluated by 
experiment and numerical techniques. Results showed that the clad 
thickness was an important factor affecting the cracking behaviour. In the 
second part of this study, an image analysis technique has been developed to 
measure the surface disturbance and the melt pool cross section size during 
laser direct metal deposition of Inconel 718 on a Ti-6Al-4V thin wall. It was 
noted that under tested conditions the overall melt pool area increased with 
the increase in powder flow rate; the powder carrier gas flow rates also 
seemed to play important roles in determining the melt pool size. In the 
third part of this study, a parametric study on the development of Inconel 
718 and Stainless steel 316L continuously graded structure has been carried 
out. Results suggested that microstructure and other mechanical properties 
can be selectively controlled across the deposited wall.  
The results presented in this dissertation can be used as a metallurgical basis 
for further development of dissimilar and functionally graded 
manufacturing using LDMD technique, guiding future manufacturing 
engineers to produce structurally sound and microstructurally desirable 
laser deposited samples.  
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 NOMENCLATURE 
AVI  Audio Video Interleave 
B   Brightness of the beam (W/m2 sr) 
c   Velocity of light (2.998×108 m.s-1) 
Cp   Specific heat (J/kg·K) 
dw   Beam waist diameter(m)  
d   Grain size (μm) 
dt   Track diameter (mm) 
dψ   d-spacing measured at tilt angle Ψ, (Å) 
dn   Stress free d-spacing measured at Ψ=0 (Å) 
E   Young’s Modulus (GPa) 
fps   Frames per second 
G   Thermal gradient (K/m) 
h   Planck’s Constant (6.626×10-34 J.s-1) 
λ   Wavelength of electromagnetic radiation 
ν   Frequency of electromagnetic radiation 
θ   Beam divergence angle 
N1 and N2 Number of electrons at energy states 1 & 2 
H   Surface hardness (HV) 
k   Thermal conductivity of material (W/mK) 
n   Rotating speed (rpm) 
R   Solidification velocity (m/s) 
SDAS  Secondary dendritic arm spacing (μm) 
SWR  Specific wear rate (m3N-1m-1) 
w   Wear track width (m) 
wd   Wear track depth (m) 
W   Wear rate (m3m-1) 
/  Solidification cooling rate (K/s) 
α   Thermal diffusivity (m2/s) 
σφ   Stress in φ direction 
v   Poisson’s ratio 
Ψ   Tilt angle (degrees) 
   Material density (kg/m3) 
σy   Yield stress (MPa)  
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ACRONYM 
APDL   ANSYS parametric design language 
BCC   Body centred cubic 
BCT   Body-centred tetragonal 
BSE   Back scattered electron 
CTE   Coefficient of thermal expansion 
CW   Continuous wave 
CNC   Computer numerically controlled 
CCD   Charge-coupled device 
FEM   Finite element modelling 
FCC   Face centred cubic 
GA   Gas atomised 
Laser   Light amplification by stimulated emission of radiations 
LDMD  Laser direct metal deposition 
Nd:YAG  Neodymium-doped yttrium aluminium garnet 
PW   Pulsed wave 
PID    Proportional–integral–derivative 
PREP   Plasma rotation electrode preparation 
SEM   Scanning electron microscope 
TEM   Transverse electromagnetic mode 
WA   Water atomised 
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Chapter 1. Introduction 
1.1 Research Rationale 
 
Rapid prototyping is the most common name given to the host of related 
technologies that are used to fabricate physical objects directly from CAD 
data sources. These methods are unique in that they add and bond materials 
in layers to form objects. Today's additive technologies offer advantages in 
many applications compared to classical subtractive fabrication methods 
such as milling or turning. 
Laser Direct Metal Deposition (LDMD) is one of such techniques that 
employs laser for creating solid object in the form of layers. Because of its 
ability to form fully dense structures, considerable interest has been shown 
for its use in producing near net shape, fully functional components. A 
variety of materials can be used such as stainless steel, Inconel, copper, 
titanium and aluminium. Materials composition can be changed dynamically 
and continuously, leading to objects with certain properties which are not 
possible to achieve using classical fabrication methods. Direct laser 
deposition has been proven more successful than the conventional 
manufacturing methods due to its flexibility in various manufacturing 
modes. 
Functionally graded materials (FGMs) are the class of materials, in which the 
composition or the microstructure are locally varied so that a controlled 
variation of the local material properties is achieved. Various fabrication 
techniques for functionally graded materials have been developed in  past 
twenty years or so. The graded change of structure inside an object allows 
the imparting of different functional properties to certain parts of an object 
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accordingly to their functional role, significantly increasing a part's 
productivity and performance [4]. 
Powder metallurgy is the most common method to manufacture functionally 
graded materials [5]. However, owing to several limitations of powder 
metallurgy, use of the direct laser deposition process to manufacture 
functionally graded materials is increasing in industry [6]. 
1.2 Aims and Major Challenges   
 
Due to the ever increasing applications of laser deposited materials, laser 
fabrication of dissimilar and graded structures have received more attention 
recently. However, due to the differences in physical and chemical 
properties between dissimilar materials, variety of challenges still exist for 
the development in LDMD of dissimilar and functionally graded structures. 
For instance, the creation of brittle intermetallic phases and the residual 
stresses in the final component are still not fully understood. Dimensional 
accuracy, stability and structural integrity of the finished components are of 
great importance in developing LDMD parts. Therefore, parameters such as 
surface morphology, mechanical properties, and residual stress become 
important. 
The work reported in this dissertation aims to understand and explain the 
phenomena and mechanisms involved in LDMD of dissimilar  and 
functionally graded alloys. Inconel 718 and Ti-6Al-4V have previously been 
functionally graded by a few researchers but they reported limited success. 
In this work, instead of grading these alloys, variety of process parameters 
have been tested to successfully deposit these dissimilar alloys.  
Despite considerable progress in of laser direct metal deposition (LDMD) 
process optimisation, there is rather limited work reported on the effects of 
melt pool variables on the final deposit characteristics. Effects of process 
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parameters and melt-pool characteristics on the deposition of Inconel 718 
powder on a Ti-6Al-4V thin wall has been carried out. Welding nickel and 
steel alloys often results in solidification cracking. To overcome this problem, 
a parametric study on the development of graded structure of Inconel 718 
and Stainless Steel 316L has been carried out.  
1.3 Objectives of project 
 
The objectives of this research are summarised below: 
• To investigate the effects of processing parameters and their 
interaction in the LDMD process 
• To identify the feasibility of LDMD of functionally graded materials 
• To model the thermal and mechanical behaviour of the LDMD 
process 
• To develop a scientific understanding of this process, and use of this 
knowledge for further LDMD applications. 
• To contribute to the development of functionally graded structures for 
various applications including aerospace and automotive industries. 
1.4 Layout of the dissertation 
 
This thesis addresses a number of technological and scientific aspects of the 
diode laser direct laser metal deposition process. Chapter 2 gives a brief 
review of the principles and operation of lasers and some of the important 
laser beam parameters.  Chapter 3 begins with a detailed description of the 
physical phenomena of direct laser. Different types of direct laser deposition, 
process characteristics and effects of various parameters on the system have 
been detailed. Chapter 4 describes the materials, equipments and their 
underlying principles used throughout this project. Chapter 5 presents an 
experimental study for the deposition of Inconel 718 on Ti-6Al-4V substrate. 
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Detailed experimental procedure and results are included in this chapter. 
This is followed by the development of finite element model and its theory 
for laser direct metal deposition process of Inconel 718 on Ti-6Al-4V in 
Chapter 6. Chapter 7 presents an investigation of the effects of process 
parameters into melt pool stability during the laser direct metal deposition 
process. In Chapter 8 Ni-steel function gradation and its  microstructural and 
mechanical properties have been explored. A general summary of the 
outcomes of the programme of work is then made in Chapter 9. 
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Chapter 2. LASER FUNDAMENTALS 
 
2.1 Introduction 
 
During the last few decades, laser material processing has shown a rapid 
development. The interaction of laser light with matter is in many ways like 
the interaction of normal light with matter. The difference between them is 
the fact that laser light can be much more intense and concentrated than the 
light from other sources. This property of laser light has made laser as viable 
and efficient alternative to other processes like cutting, drilling, welding, 
cladding and heat treating. In this chapter, fundamental principles of laser, 
laser material interaction and types of lasers used in the study will be 
discussed. 
2.2 Principles of laser 
 
Light is an energy source consisting of electromagnetic waves. The 
electromagnetic spectrum is divided into gamma-rays, X-rays, ultra violet, 
visible, infrared, microwave and radio with respect to the increasing 
magnitude of the wavelength. Figure 2.1 shows the electromagnetic 
spectrum and their respective wave length [7]. To selectively produce these 
individual wavelengths has created wide variety of applications depending 
upon its use.  
A laser is a device that emits light by optical amplification based on 
the stimulated emission of photons. The word LASER is actually an acronym 
of “Light Amplification by Stimulated Emission of Radiation” and was first 
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demonstrated by Theodore Maiman of Hughes Research Laboratories in 
1960 in California, U.S.A. [8]. 
 
Figure 2.1: Schematic illustration of electromagnetic spectrum [7] 
 
The underlying concept of working of laser can be understood from an 
example of a candle. Normally, a burning candle radiates light in all 
directions and therefore, illuminates objects around it. Obtaining a directed 
monochromatic light with single wavelength and frequency is literary the 
most efficient use of this power source. So, laser takes light that would 
normally be emitted in all directions, such as from a candle, and  
concentrates that light into a single direction [9]. Lasers generally have a 
narrower frequency distribution, or much higher intensity, as compared to 
other sources of light.  
In order for a laser to function, a variety of necessary prerequisites must be 
in place. These working requirements include the presence of an active 
medium to support lasing, the accomplishment of stimulated emission and 
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amplification, the attainment of population inversion, a non-equilibrium 
pumping mechanism, and a resonant cavity.  
2.3 Stimulation Emission and Amplification 
 
To understand the laser mechanism, it is important to understand the 
principle of absorption and emission of light. For simplicity, if an atom is 
considered as having only two possible energy states, an upper state, E2, and 
lower state, E1, then if an atom in the upper state makes a transition to the 
lower state, then the energy of the electromagnetic radiation or photon 
emitted is given by [10]: 
                     hvhcEEE ==−=′ λ12                             (2.1) 
Where, “h” is Planck’s constant (4.13566733×10-15 eV.s), “” is the velocity of 
light (3× 108 m/s), “λ (μm)” is wavelength of electromagnetic radiation, and 
“” is frequency of electromagnetic radiation and ´(eV) is the energy of 
electromagnetic radiation. 
Whilst the frequency of the emitted radiation “ν” is given by [11]: 
   
  


 
´

                         (2.2) 
Similarly, if an atom is initially in the lower energy state and makes a 
transition to the higher energy state, then the energy in the form of photons 
or electromagnetic radiation of frequency must be absorbed by the atom or 
the molecule as given in equation (2.2). Such energy level transitions of 
atoms from the lower energy states to the higher energy states can be 
achieved through the absorption of electromagnetic radiation with an energy 
level of, as shown in Figure 2.2(a). 
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       (a)      (b) 
 
 
 (c) 
Figure 2.2: Schematic of the phenomena of electromagnetic radiation: (a) absorption, 
(b) spontaneous emission and (c) stimulated emission 
 
According to Einstein [12], once in the excited state there are only two 
independent processes through which the excess energy may be emitted. 
Firstly, the excited atom will eventually decay spontaneously to the state of 
lower energy, E1, emitting an electromagnetic wave (photon) with an energy 
of vhE =′   as shown in Figure 2.2(b). This process is known as spontaneous 
emission and inverse of the absorption process. 
Secondly, the atom can be impelled to decay to lower energy level before its 
natural time by a photon having energy equal to E′ interacting with the atom 
in the upper state and causing it to change to the lower state with the 
creation of a second photon as shown in Figure 2.2(c). These two photons not 
only have the same energy E′ but also travel in the same direction with the 
same frequency and exactly in phase with each other. As such, the light 
wave representing the stimulated photon adds to the incident light wave on 
a constructive basis, thereby increasing its amplitude, and thus giving rise to 
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the possibility of Light Amplification by Stimulated Emission of Radiation – 
LASER. 
2.4 Population Inversion and Laser Cavity 
 
In reality the likelihood of a photon with energy of ∆ incident upon an 
atom in an upper energy level inducing stimulated emission or absorption 
are of equal probabilities. Thus, in a system containing a very large number 
of atoms, the dominant process will depend upon relative number of atoms 
in the upper and lower states. A large population of atoms in the upper state 
will result in stimulated emission dominating, while if there are more atoms 
in the lower state there will be a greater probability of absorption rather than 
stimulated emission. 
Under normal conditions of thermal equilibrium, the population of atomic 
energy levels obey the Boltzman distribution. Therefore, for any two levels of 
energy 1E and 2E (assuming 2E > 1E  and population 1N and 2N [13]: 
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2           (2.3) 
      
                                                                               
Where, “ bk ”  (1.38 × 10-23 J/K)” is Boltzman’s constant and T is temperature. 
For most metallic atoms, the first level above the lowest possible (the ground 
state) is separated by a gap of 1.25eV [13]. This amount of energy 
corresponds to that of a photon of visible light. Therefore under normal 
equilibrium conditions and at room temperature, the population of the 
excited state 2N will be very small compared to the lower energy state 1N , 
according to Equation 2.3. For this reason, any photons of visible light are 
more likely to be absorbed rather than giving rise to stimulated emission. For 
stimulated emission to dominate, it is necessary to increase the population of 
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the upper energy level so that it is greater than that of the lower energy level. 
This situation is called population inversion. 
To achieve a population inversion, the atoms within the laser medium must 
be excited or pumped into a non-equilibrium distribution through the 
application of a large amount of energy to the medium from an external 
source. There are a number of ways of pumping a collection of atoms into a 
higher energy level, these include; pumping by optical radiation, collisions 
induced by an electrical discharge, resonant energy transfer, plasma 
generation, passage of an electric current, electron bombardment and the 
release of chemical energy.  
A laser works on the principle of light amplification by stimulated emission 
and it can only occur if emission takes place in an optical/laser cavity [14]. To 
achieve a continuous laser beam without constantly being dependent upon a 
spontaneous emission to initiate lasing, a laser (optical) cavity with feedback 
end mirrors is required. The basic components of optical cavity are tube 
containing gain medium (solid, liquid and gas) commonly known as a lasing 
material and two parallel mirrors. One of the mirrors being totally reflective 
and curved reflects almost all of the light that falls upon it (total reflector) 
and the other being either flat or curved and partially transitive to allow 
some of the oscillating power to emerge as the laser beam. Schematic of the 
whole laser generation process is shown in Figure 2.3.  
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Figure 2.3: Basic Laser operation [7] 
2.5 Laser configuration 
 
 Laser systems generally consist of a lasing medium, energy (pumping) 
source, resonators, cavity and a cooling system to work properly. As 
described earlier, energy (pumping) sources is used for excitation of lasing 
medium atoms [9]. Resonators are used for the feedback system to increase 
the stimulated emission. While typically two fine mirrors, one totally 
reflective and the other partially reflective are placed in the optical cavity to 
avoid escape of photons. Since, photon release elevates the medium 
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temperature and hence cooling is essential, thus a cooling system is used.  
Usually, water or chilled air is used as coolant. 
2.6 Types of Lasers 
 
Lasers are mainly classified based on the lasing material. There are many 
different types of lasers for material processing which may be classified by: 
 Active medium (gas, liquid or solid and semi-conductor) 
 Output power (mW, W, kW) 
 Wavelength (infrared, visible and ultraviolet) 
 Operating mode (Continuous wave (CW), pulsed or both) 
 Application (macro-processing , micro and nano-machining ) 
The state of active medium determines the principal characteristics of a laser 
beam for laser material processing and commonly designates lasers [15]. The 
most commonly used lasers in material processing are CO2, excimer and Nd: 
YAG lasers. A brief discussion on some of these lasers is given below. 
2.6.1 Carbon Dioxide (CO2) Laser 
 
The amount of gaseous carbon dioxide (CO2) as an active medium of 
commercial CO2 lasers is in the range of 1 and 9%. The remaining part of the 
volume consists of helium (60-85%), nitrogen (13-35%) and small amounts of 
other gases. Design of the optical cavity, the gas flow rate and the output 
coupler are factors that are used for the exact composition of these gases. 
High gas purity is necessary, typically 99.995% for helium and nitrogen, and 
99.990% for carbon dioxide [15]. CO2 lasers emit an infrared invisible laser 
beam with a wavelength of 10.6 μm, with an efficiency of conversion of 
electrical energy into optical energy of 15%-30% and the beam power of up 
to 20 kW. The excitation of CO2 lasers is normally through electrical methods 
either pure DC or high frequency AC.  
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Five basic configurations of the commercial CO2 lasers are available: Sealed 
tube lasers, longitudinal flow lasers, transverse flow lasers, transversely 
excited atmospheric pressure (TEA) lasers and gas-dynamic lasers. These 
configurations of CO2 laser designs are characterised on the factors like: 
composition of gas mixture (vol. %), gas flow rate (m/s), gas pressure (mbar), 
cooling (conduction or convection), and ergonomics (portable or fixed) [16]. 
CO2 lasers are often used in Continuous Wave (CW) mode, but they may be 
pulsed by pulsing the electrical power supply. The beam quality of CO2 laser 
is excellent at relatively low power, but as the output power increases, the 
beam divergence angle increases therefore limiting its desirability for 
material processing application with good focusing quality requirements.  
Another limitation of CO2 lasers is that   because of the wavelength the beam 
cannot be delivered by fibre optics. 
2.6.2 Diode Lasers 
 
Semiconductor lasers, also known as diode lasers, are based on the 
generation of photons when electrons in the conduction band of an 
appropriate semiconductor material recombine with holes in its valence 
band [15]. Diode lasers are based on semiconductor materials such as GaAs, 
GaAlAs or InGaAs and others [8]. Population inversion in the junction 
region occurs by providing an external voltage in forward bias [17]. When 
electrons in the conduction band recombine with the holes in the valence 
band above a certain current density threshold, spontaneous and stimulated 
emission occurs [18].  
Normally, laser oscillation involves using two mirrors to form a cavity. In 
semiconductor lasers, this is achieved by cleaving two opposite facets of the 
semiconductor. Furthermore, since semiconductors have a very high index 
of refraction (about 3.6), the inherent reflectivity at the crystal–air interface is 
very high, about 35 %, making it unnecessary to use reflecting coatings [15]. 
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The active region in the junction is confined to 1 ~ 5 μm so the emitted 
radiation is very low in power, equal to just a few milliwatts, and it also has a 
large divergence angle. Typically output of a single diode in a high power 
diode laser is 100mW. To increase the output power and intensity, the 
individual emitters are arranged in lines to form one or two-dimensional 
arrays, called bars. The output power of a bar depends upon the number of 
individual emitters in it and the power of the constituent emitters. The 
individual bars are then stacked on top of the others to form the laser diode 
stack as shown in Figure 2.4. 
 
Figure 2.4: High-power diode laser construction. (a) Diode laser bar. (b) Stacked 
laser [16]  
2.6.3 Excimer Laser  
 
An excimer laser consists of a mixture of gases, a rare gas (1-9%), a halogen 
(0.05-0.3%) and an inert buffer gas (90-99%) as an active medium which is 
circulated at high velocity to maintain the desired composition. To maintain 
a stable beam mode, gas mixture is cooled in a heat exchanger and filtered. 
Electrical methods are normally used for the excitation of excimer lasers. In 
commercial excimer lasers, light is generated in the form of ultraviolet 
pulses, with a wavelength in the range of 0.15-0.35 μm. High speed electrical 
switch is normally used in excimer lasers to reduce the pulse length. The 
beam quality is relatively low (i.e. M2 ≈ 100) (see p-41for M2) but can be 
    Chapter 2: Laser Fundamentals 
33 
 
improved by using resonator optics, at the expense of a reduction in power. 
Light pulses generated by excimer lasers have energy in the range of milli-
joules to joules, average power up to several hundred watts, peak power 
values up to 50 MW, repetition rates between 20 to 1000 Hz and pulse 
duration from few to a hundred nanoseconds. Ultraviolet light from the 
excimer lasers can be focused to a small spot size and used to process a wide 
range of materials, including metals, ceramics, and polymers [16].  
Excimer lasers are useful in applications such as isotope separation where 
the ultraviolet output is very useful. XeCl excimer lasers have been used in 
laser-assisted chemical vapour deposition for semiconductor manufacture. 
Generally, excimer lasers are useful for removal processes such as 
photochemical reactions, or more specifically, photo-ablation, and are 
typically used for polymers, ceramics, and glass. In recent years, they have 
also been gaining increasing importance in materials processing [15]. 
2.6.4 Nd: YAG Laser  
 
Solid-state lasers normally use an insulating crystal or glass as a host lattice 
in which the active medium is either doped or present as an impurity. The 
host crystal material has no direct participation in the lasing action. The 
dopant is the material which is directly responsible for the laser action. The 
host lattice for Nd: YAG is a crystal of yttrium aluminium garnet (YAG) with 
the chemical composition Y3Al5O12, where the Nd3+ ions (about 0.1–2%) 
substitute for some of the Y3+ ions. 
Light is generated through transitions between energy levels of the 
neodymium ions. The Nd: YAG laser is normally based on four level 
operations; a ground level, absorption bands, an upper laser level and a 
lower laser level. Flash lamps, arc lamps or semiconductor lasers are 
normally used for the excitation of Nd: YAG laser. The fundamental output 
wavelength is most commonly 1.064 μm, which is in the near infrared. The 
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active medium for lamp pumped excitation is normally in the form of Nd: 
YAG rod. These rods are typically 8-10 mm in diameter and up to 200 mm in 
length. A long rod produces low beam divergence while short rod possesses 
good mechanical stability. Similarly, rods with large diameter have high 
energy conversion efficiency while rods of small diameter have low beam 
divergence. The Nd: YAG laser is capable of transmission using a fibre optic 
cable, and can be used in either the pulsed or CW mode, with CW power 
levels up to 6 kW. In pulsed beam mode, pulse length of up to 10 ms, pulse 
repetition rates up to 50 Hz and pulse energy of about 150 J are obtained. The 
power level available from CW laser units can be used in welding 
application while short pulse duration and high peak power are suitable for 
drilling applications. Compared with CO2 laser, the main disadvantages of 
the Nd: YAG laser are: limited output power, poorer beam quality and low 
wall plug efficiency i.e. 4%. However, the energy efficiency can be increased 
up to three times with diode pumped Nd:YAG laser [16].  
2.7 Unique characteristics of Lasers 
 
A laser beam possesses many distinctive characteristics that differentiate it 
from other sources of light. These distinctive characteristics/properties  allow 
the laser beam to carry out various tasks that cannot be carried out using any 
other form of light [16]. 
2.7.1 Monochromaticity 
 
A light beam is said to be monochromatic when it is composed of a single 
wavelength. Unlike conventional sources whose emission extends 
continuously over a broad band, distinguishing feature of lasers is its 
monochromaticity [15, 16]. This means that the laser light does not cover a 
wide range of frequencies as ordinary light does. Due to the monochromatic 
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property of laser beam, it can be more sharply focused than a beam of broad 
bandwidth.  
2.7.2 Coherence 
 
Waves that have a fixed- phase relationship over a long length of 
propagation or time are called coherent waves. Coherence phenomenon is 
both space (Spatial) and time (temporal) dependant. The term Spatial 
Coherence describes the constant phase relationship over a time between 
two points on a wave front of an electromagnetic field. While Temporal 
Coherence describes the constant phase relationship of any point “P” on a 
wave front at time “T” to be same at the same point “P” at time “T+T´” [15]. 
2.7.3 Directionality 
 
A conventional light source spreads out from the source in all directions 
equally. On the other hand, the directional nature of the laser beam allows 
the energy carried by it to be easily collected and focused to a small area [19] 
. A laser beam is very direct and can propagate over a long distance with 
little loss of beam intensity. Due to the low diffraction, laser beams have low 
divergence angles. This is the angle at which the beam spreads out as it 
leaves the laser invariably less than 10 mrad, typically in the order of 1 mrad. 
For a beam with wavelength of λ and beam waist diameter of , the lower 
limit on beam divergence follows [19]: 
           



                          (2.4) 
2.7.4 Brightness 
 
One of the significant attributes of lasers is their high brightness (radiance). 
This quantity is defined as the power emitted per unit area per solid angle 
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for the light source. For a diffraction-limited beam with moderate 
divergence, the brightness of a laser beam is given by [20]: 
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Where P is the laser power, ow is the beam radius, θ
 
is the beam divergence 
and λ  is wavelength of the laser beam. This relationship shows that 
brightness depends upon power and wavelength of the laser beam. 
Unlike the intensity of light (power per unit area) that can be increased by 
focusing, the brightness of a source is an invariant quantity, and cannot be 
altered by any lens or other optical system.  
2.8 Important parameters for the selection of laser 
 
The usefulness of lasers in materials processing and analysis is derived from 
the characteristics of laser light. Lasers are selected for a particular 
application based on some important parameters, which are briefly 
discussed below. 
2.8.1 Wavelength 
 
Industrial lasers can be divided into infrared, visible and ultraviolet lasers 
according to their output light wavelength. Wavelength affects the 
absorption, maximum resolution and focalization, the shorter the 
wavelength, the higher the resolution and better the focal property. Shorter 
wavelengths have higher photon energy [21]. 
The wavelength of the laser beam is not only dependent upon the energy 
level transitions that occur by stimulated emission but also on the lasing 
material, and the resonant wavelengths in the optical cavity. Although, the 
laser radiation is not entirely monochromatic, it has much narrower line 
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width at a considerably higher intensity than radiation obtained from most 
other sources. Frequently, the laser beam wavelength extends over one or 
more extremely narrow bands of wavelength corresponding to different 
laser transitions. Table 2.1 Output beam wavelengths for selected industrial 
lasers. 
Table 2.1: Laser wavelengths and their applications [8, 21, 22] 
 
Type of 
laser 
Wavelength 
(µm) 
Power Applications 
 
Carbon 
dioxide 
 
10.6 
 
1W-40KW 
Material processing, 
medicine, isotope 
separation 
 
Excimer 
 
0.193- 0.3551 
 
1KW-100MW 
Micromachining, 
medicine, laser 
chemistry 
 
He-Ne 
 
0.632 
 
1mW-1W 
Holography, 
measurement 
 
Argon Ion 
 
0.515,0.458 
 
1mw-150W 
Medicine, printing 
technology 
 
Nd:YAG 
 
1.06 
 
1W-3KW 
Material processing, 
medicine, measurement 
 
Diode 
 
Infrared to visible 
 
Up to 1.5KW 
Material processing, 
pumping light source for 
solid-state lasers 
 
Ruby 
 
Red 
 
Several MW 
Measurement, pulse 
holography 
 
2.8.2 Polarisation 
 
As an electromagnetic wave, light consists of electric and magnetic fields that 
are oscillating orthogonally. In material processing, the electric field is more 
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important as it affects the amount of beam absorption by the material. 
Polarisation has a directional effect in machining due to reflectivity effects 
[8]. The angle of incidence is most commonly normal to the material surface. 
If the oscillation of electric field vector is perpendicular to the incidence 
plane it is known as s-polarised and if it lies in the plane of incidence it is 
considered as p-polarised. For other angles the electric field is configured by 
“p” and “s” components. A polarised beam can be achieved from an un-
polarised beam by simply inserting suitable polarising optics into the laser 
beam path, but it results in the reduction in the intensity of light. 
2.8.3 Laser beam modes 
 
There are two spatial modes which are used to describe a laser beam. These 
are longitudinal and transverse modes. Longitudinal electromagnetic mode 
usually has very little influence on the beam performance and characteristics, 
while Transverse modes represent the beam intensity variation along a path 
perpendicular to the direction of propagation. They are of importance in 
laser material processing since they govern beam divergence, beam 
diameter, and energy distribution are governed by the transverse modes 
[23]. 
Electromagnetic field variations inside optical resonators are described by 
transverse electromagnetic modes as TEMmnq where m is the number of 
radial zero fields, n is the number of angular zero fields, and q is the number 
of longitudinal fields. Usually, only the first two indices are used to specify a 
TEM mode where the first subscript indicates the number of rings and the 
second subscript indicates the number of bars across the pattern (see Figure 
2.4). The higher the order of the mode the more difficult it is to focus the 
beam to a fine spot. The TEM00 (Gaussian) beam mode is usually the most 
desirable mode since, as compared to other modes; it can be focused to the 
smallest spot and has maximum intensity on the beam axis. The structure of 
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the TEM is affected by the geometry of the optical cavity, the alignment and 
spacing of internal cavity optics, propagation properties of active medium 
and the apertures in the optical cavity [24]. Various beam mode patterns are 
shown in Figure 2.5. 
 
 
(a)                                                                   (b) 
Figure 2.5: TEM of beams with (a) circular symmetry and (b) rectangular symmetry 
[24] 
2.8.4 Beam Waist 
 
The beam waist is described as the location of minimum diameter of a laser 
beam. The laser beam starts to diverge after the beam waist. The location of 
the beam waist is dependent upon the characteristics of the optical cavity 
and its optics (i.e. length of optical cavity, radii of curvature of cavity optics 
etc). For flat mirrors in the optical cavity the beam waist is located at the 
mirror [23]. The beam waist cannot describe the beam radius accurately 
because it is dependent on the laser cavity and is independent of the beam 
mode. 
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2.8.5 Divergence 
 
Divergence is the tendency of the beam to spread as it propagates from the 
laser. Low divergence is the property that enables a laser beam to retain high 
brightness over a long distance. Laser beam divergence is an important 
parameter as it can grow significantly over several metres inside the material 
and may affect the process mechanism The divergence θ of a Gaussian beam 
of wavelength λ, after it has passed through the beam waist of diameter db, is 
given by [23]:      
     
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It means that larger beam waist diameter will exhibit smaller divergence. 
2.8.6  Beam Quality 
 
The beam quality is a measure of the focusability (spot size and focal length) 
of a laser beam. It shows that how closely a laser beam can be focused under 
certain conditions (e.g. with a limited beam divergence).A quantitative 
measure of the focusability  or beam quality is M2, which compares the 
divergence of the given beam with a pure Gaussian beam (i.e. M2=1) with the 
same waist (i.e. minimum diameter of laser beam before any focusing optics) 
located at the same position [25]. For a TEM00 beam M2 is given   by: 
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                                                  (2.7) 
Where ‘db’ is the beam waist diameter, and ‘$’ is the full beam divergence 
angle. For a TEM00 (Gaussian) beam M2 is 1. Therefore, a beam with M2 value 
of 1.4 would have a focused waist diameter 40% larger than the Gaussian 
beam.  
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2.9 Summary 
  
The invention of the LASER is a significant development in science and 
engineering. In order for a laser to function, a variety of necessary 
prerequisites must be in place. These working requirements include the 
presence of an active medium to support lasing, the accomplishment of 
stimulated emission and amplification, the attainment of population 
inversion, a non-equilibrium pumping mechanism, and in most lasers, a 
resonant cavity. In this chapter, the basic principles of laser operation, types 
and properties of laser have been discussed. Knowledge and understanding 
of these fundamentals is essential for carrying out any experimental work in 
laser materials processing. 
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Chapter 3. Laser Direct Metal 
Deposition 
3.1 Introduction 
 
In past few decades, there has been a rapid growth in the field of laser 
applications. A variety of laser processes have been introduced for different 
applications. Laser application has found great importance in industries like 
automotive, aerospace, bio medical and many others.  
Among the applications of laser technology, the additive manufacturing 
technique also known as solid freeform fabrication has received significant 
attention in recent years.  There are a wide range of commercial techniques 
including stereolithography, selective laser sintering, fused deposition 
modelling and 3D printing but only a small proportion can produce a full 
density metallic part like laser direct metal deposition. LDMD has a huge 
potential for material processing such as metallic coating, high value 
components repair, prototyping, and even low-volume manufacturing [26].  
This chapter outlines the fundamental theory of laser direct metal deposition 
encompassing single layer cladding and multiple layer additive 
manufacturing. This chapter covers the Laser Direct Metal Deposition 
(LDMD) fundamentals as well as the applications. 
3.2 Laser Direct Metal Deposition 
 
Traditionally there are three methods for creating complex solid objects. 
They have been classified by  Joseph et al [27] as follows, 
a) Subtractive (material removal) 
In this method a block or rod of material is taken and then the excess 
material is removed. E.g. turning, milling and grinding. 
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b) Shaping or forming 
This technique is used to get the final shape by deformation. 
Examples are forging, extruding and molding. 
c) Additive 
Simple assemblies or subunits are joined together by a process like 
welding to create large assemblies or complex units. 
With the advancement in technology, an alternative technique i.e. layered 
manufacturing (LM) has been developed and used for quite some time. 
Other terms used for layer manufacturing are rapid fabrication, solid free 
form fabrication, rapid prototyping and rapid manufacturing technologies. 
Layered manufacturing is not a totally new concept. Layered manufacturing 
has been in use (used in Egypt before 4000 B.C.) making pottery. 
Laser Direct Metal Deposition (LDMD) is a technique that utilizes the 
concept of layered manufacturing to build 3D structures with the help of 
laser technology. The basic purpose of LDMD is to employ a laser to deposit 
a thin layer of any desired metal on top of another metal using a 
powder/wire mass delivery system to form a good interfacial bond with 
minimum dilution. Different deposition techniques exist apart from LDMD; 
for example Chemical Vapour Deposition (CVD), Plasma, Vacuum Furnace, 
Stereolithography, Fused Deposition Modelling, Solid Ground Curing, 
Laminated Object Manufacturing and TIG or Oxy-acetylene Flame. The 
particular advantage of the laser is its ability to heat and clad in specified 
areas alone [8].  So with this technique better coating, minimum dilution and 
less distortion of clad can be produced. 
Varieties of names have been given to LDMD by several researchers and 
research groups. Mazumder et al [28] named their process as “direct metal 
deposition”  which is based on laser cladding process with a feed back 
control system. Los Alamos National Laboratory in USA used the name 
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“directed light fabrication” [25, 26]. Laser Metal Deposition Shaping 
(LMDS)’’ has been constructed and developed successfully by Chinese 
Academy of Sciences, Shenyang Institute of Automation [29].  
Different manufacturers have commercialised these processes. Optomec has 
commercialised its research based on the LENSTM [30] while POM has been 
making their machines based on DMD technique [31].   
In LDMD, a laser beam is directed onto the substrate that forms a melt pool 
due to absorbed power, and simultaneously build material (powdered 
metal) is delivered onto the melt pool by an inert gas that melts and forms a 
metallurgical bond with the substrate (see Fig. 3.1). The substrate is moved 
relative to the laser beam spot along a predetermined path, whilst powdered 
metal continues to be delivered onto the substrate.  Due to the movement of 
the substrate, a trail of molten metal is formed which subsequently cools and 
solidifies.  The predetermined path along which the substrate is moved is 
arranged such that the trail of solidified material builds a desired component 
through multiple layer depositions. 
A typical LDMD system consists of a laser, a metal-powder delivery system, 
software and a computer-controlled multi-axis positioning system and stage. 
A solid model design of a desired component is first developed on a 
computer workstation using software like Pro/Engineer. The CAD model 
(data) is saved into a file and is sliced at a prescribed layer thickness and a 
motion path is produced for each layer. This path is translated to actual 
machine commands through a post-processor. The multi-axis positioning 
system controls the laser focal zone moving along the part cross-section 
defined by the part model and sliced layer thickness.  
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Figure 3.1: Schematic of a LDMD process 
 
Laser Direct Metal Deposition (LDMD) is a very complex process and this is 
governed by different parameters including laser power, type of laser and its 
intensity and beam diameter, laser velocity, angle of the delivery nozzle, 
temperature of powder or wire. Similarly, the deposition process is affected 
by melting and solidification, melt circulation in the melt pool, the influence 
of shielding gas, surface tension gradients, thermal conduction and radiation 
effects and interaction time. Due to this complex nature of the process, it is 
difficult to obtain full understanding of all the parameter relationships and 
their effects on the deposition process. 
3.3 Advantages and disadvantages of the LDMD 
process 
 
One major challenge for all the manufacturers is the delivery of more 
economical, effective and better quality products. Therefore they must 
drastically reduce the time and costs to develop new products and introduce 
improvements to existing products and processes. As a consequence there is 
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a strong need to develop and implement new, flexible production processes, 
which have the potential to overcome the disadvantages of existing 
techniques in the design phase of product development as well as in the 
manufacturing and repair stages. 
LDMD provides the manufacturers an ability to develop near net shape parts 
and also to employ this technique for repair purposes. This technique in 
combination with conventional manufacturing processes offers the 
possibility of advancement in current manufacturing cycles. The advantages 
can be summarised as: 
• Localized heat input and consequently low distortion 
• Minimum base metal dilution 
• Near net shaped component built up 
• Potential for automation 
• Availability of a variety of materials 
The current disadvantage is a rough surface finish and low dimensional 
accuracy acquired in LDMD parts. Typically LDMD parts must be polished 
or machine finished fitting required tolerances. 
 
3.4 Types of lasers and materials used in Laser Direct 
Metal Deposition 
 
CO2 and Nd: YAG Lasers are most commonly used in LDMD process due to 
their extensive use in commercial systems like LENSR, but the use of diode 
and fibre laser processing has been on the rise. LDMD process has been 
applied to a broad range of metals, intermetallic compounds and premixed 
combinations of materials. Those used or reported by some of the 
researchers are given in Table 3.1. Lasers and list of different types of 
materials is not exhaustive because of the large amount of work carried out 
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in the field of LDMD, but it intended to give readers a sense of the breadth of 
the field. 
 
Table 3.1: Types of lasers and materials used in LDMD 
 
Type of 
laser 
Material Investigated or reported 
by 
 
 
 
 
 
 
 
 
 
 
 
 
CO2 
Hadfield Steel Pelletier et al [32] 
StelliteX-40 Xiong  et al [33] 
W-Ni Zhong et al [34] 
H13 Choi, Han and Hua [35] 
WC-Co alloy Yang and Man [36] 
Si Fellowes, Steen and 
Saunders [37] 
Ti Tan et al [38] 
316L Tan et al [39] 
Cr3C2 + AISI316 Lin [40] 
Ni Huang et al [41] 
Ti-50wt%Ni Xu et al [42] 
Diamalloy 2002(nickel based alloy) Davim, Oliveira and 
Cardoso [43] 
Ni20 alloy Hua et al [44] 
Inconel718 Zhao et al [1] 
Ti alloy Qu et al [45], Pashby et al 
[46] 
WC Pantelis, Michaud and de 
Freitas [47] 
Ni, Ti, Si Wang, Jiang and Liu [48] 
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NiCrSiB alloy Yang et al [49] 
Ni-Cr de Damborenea, 
Vázquez, and  Fernández 
[50] 
Ni base alloy Hidouci et al [51] 
Co base alloy Hidouci et al [51] 
 
 
 
 
 
 
 
 
Nd YAG 
Inconel625 Grujicic  et al [52] 
Ti-6Al-4V Kobryn, Moore and 
Semiatin [53] 
Ti-6Al-4V Roberts et al [54] 
Co alloy Lee [55] 
Stellite6 Wen et al [56] 
316L Pinkerton and Li [57] 
H13 Foroozmehr, Lin and 
Kovacevic [58] 
316L Yang [59] 
Co-Ti alloy Alemohammad, Esmaeili 
and Toyserkani [60] 
Stainless Steel Han, Phatak and Liou 
[61] 
WC-Co Xiong, Smugeresky and 
Schoenung [62] 
NiCr based alloy De Oliveira, Ocelik and 
De Hosson [63] 
Stellite Doubenskaia, Bertrand 
and Smurov [64] 
NiCr alloy De Oliveira, Ocelik and 
De Hosson [63] 
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6H-SiC Vreeling et al [65] 
Al-12Si Anandkumar et al [66] 
SiC Anandkumar et al [66] 
Hastelloy C Sun and Brandt [67] 
Stellite21 Partes and Sepold [68] 
 
 
 
Diode 
316L Pinkerton and Li [57] 
316L Majumdar, Kumar and Li 
[69] 
SiC Majumdar, Kumar and Li 
[69] 
H13 Zekovic, Dwivedi and 
Kovacevic [70] 
H13 Pinkerton, Wang and Li 
[71] 
316L Syed, Pinkerton and Li 
[72] 
Cu 99% Syed et al [73] 
316L Syed, Pinkerton and 
Li[74] 
H13 Pinkerton, Wang and Li 
[71] 
Inconel625 Tuominen et al [75] 
 Ti Alloy Pashby et al [46] 
 
Fibre 
70% CrMo steel 
20% Cu alloy 
10% Ni 
 
Furumoto et al [76] 
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3.5 Deposition methods 
 
Deposition of the desired metal on the top of the substrate can be achieved 
by a number of methods. Some of the most popular methods are as follows: 
1. Powder injection using inert carrier gas 
2. Wire feed  
3. Combined powder and wire feed 
4. Preplaced powder and wire 
3.5.1 Powder injection using inert carrier gas 
 
In this method, powder is fed to the melt pool by using an inert gas. Inert gas 
flowing through the nozzle helps both in powder delivery and shielding the 
deposit from oxidation. Shielding strategy is a delicate balance between 
powder delivery without causing excessive disturbance at the melt pool and 
adequately driving away the ambient air. Argon is normally used, but the 
inert gas also protects the laser optics from damage. 
A problem associated with this type of delivery method is that a significant 
proportion of powder which passes through the nozzle is not delivered to 
the melt pool and gets scattered off the substrate surface.  This scattered un-
melted powder does not contribute to building of the component.  This 
scattered powder can be expensive, especially for applications using special 
alloys. Scattered powder can be collected and reused but there is always a 
risk of contamination. Apart from the above, another problem caused by the 
blown powder DLD technique is that un-melted or semi-melted powders can 
stick to the surface of a deposited track and cause the roughening of the 
component. A subsequent surface finishing process is thus normally 
required. 
 Two types of powder delivery nozzles are widely used in LDMD process; 
lateral and coaxial [77, 78]. Brief description of each nozzle is given below. 
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3.5.1.1 Lateral nozzle 
  
This is the simplest way to carry powder to the melt pool created by the 
laser. In more advanced designs, there are two concentric nozzles. The 
central nozzle feeds the powder through carrier gas, while the outermost 
nozzle carries the shielding gas, which in addition focuses the powder 
stream when entering the melt pool [79]. In lateral nozzle, there is a 
directional effect on the clad bead shape and alignment of the powder 
stream with the melt pool is critical. Angle of inclination of nozzle plays an 
important role. Temperature distribution varies with the changed angle 
resulting in more attenuation of laser beam [80]. A view of lateral nozzle is 
shown in Figure 3.2.  
 
Figure 3.2: View of a lateral nozzle [38] 
 
3.5.1.2 Coaxial nozzle 
 
A coaxial powder nozzle provides metal powder from all radial directions. 
The advantage of the coaxial nozzle is its independence from the direction of 
motion. Lin [81] concluded from his experimental work that the powder 
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efficiency of the coaxial nozzle, which is the ratio between the deposited 
powder on the substrate and the delivered powder by the powder feeder in a 
specified period, is significantly less than that of the lateral nozzle. The 
catchment efficiency which is the ratio of powder deposited to the powder 
delivered is less than that of lateral nozzle. It can be increased with increase 
in surface tension of melt pool and by decreasing powder particle size and 
impact velocity [82]. In coaxial nozzle, the inclination angle does not affect 
powder stream thus allowing work in three dimensional space without any 
effect on the powder flow [83].  Pinkerton and Li [84] found in their work 
that the standoff distance between the nozzle and substrate, good layer 
consistency can be achieved without changing the standoff distance for 
10mm high walls. Figure 3.3 gives a coaxial nozzle view. 
 
 
Figure 3.3: View of a coaxial nozzle [85] 
 
3.5.2 Wire feeding 
 
In the wire feed method, a metal wire is fed to the melt pool from the side of 
laser of the laser head. LDMD using wire rather than powder was first 
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proposed by Schneebeli et al [86]. More recently this approach has been 
exploited by various researchers using high power fibre and diode lasers [87, 
88].  
Wire feeding method appears to solve the wastage of powder as noticed in 
the blown powder delivery method. The surface finish of the final part is 
much better than the blown powder LDMD. The disadvantages of wire 
feeding are its feeding direction and the availability of the desired material 
in wire form. 
Effects of wire feed direction were first studied in detail by Kim and Peng 
[89] that revealed the importance of wire feeding direction and position in a 
wire laser cladding process. It was found that wire-feeding is disturbed at 
low angles between the wire and the base material and wire cannot be 
completely melted by the laser beam if the wire feeding speed is high. 
Moreover non-symmetric tracks were observed when the wire feeding 
position was not exactly in the middle of melt pool. Front feeding was found 
to be better amongst all other directions that were tested during the 
experiment. Breinan and Kear [90] found that the satisfactory transfer 
occurred when the fed wire is adapted to an impingement angle of 30° and 
positioned to the exact edge of the molten pool. A later study by Nurminen 
et al [91] showed that heating the wire can increase the productivity by three 
times as compared to without heating or powder deposition method. 
According to Syed et al [92], in case of front feeding, surface roughness of the 
clad increases with the increase in feeding angle. This is shown in the Figure 
3.4. 
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Figure 3.4: Surface roughness Ra vs. wire feeding angles for the wire placed at the 
leading edge and at the centre of the melt pool (front feeding) [92] 
 
Positioning the wire at the leading edge of the melt pool in front feeding 
gave the best results in terms of surface finish which suggested that the melt 
pool was the least disturbed in this case. 
Syed et al [92] also reported that in rear feeding, the surface roughness 
dependence on wire feeding angle was the opposite  to that with front 
feeding. Surface roughness decreased by increasing the feeding angles, when 
the wire was placed in the centre and at the trailing edge of the melt pool. It 
is shown in the Figure 3.5. 
 
 
Figure 3.5: Surface roughness Ra vs. wire feeding angles for the wire placed at the 
centre and at the trailing edge of the melt pool (rear feeding) [92] 
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Sun et al [93] used the wire feeding technique for laser welding and 
investigated the mechanical and metallurgical characteristics of the weld 
pool. Kim et al [89] found out that with an increase in cladding time or 
decrease of the cladding speed, the dilution of clad layer increases. They also 
found out that an increase in cladding speed, the hardness of clad increases 
as shown in Figure 3.6. 
 
 
Figure 3.6: Hardness distribution of clad layer and HAZ [89] 
 
Studies comparing wire feed with pneumatic powder delivery LDMD [94, 
95] have highlighted the higher material efficiency achievable with wire 
(theoretically up to 100%), although energy efficiency is lower. 
Cheap metal wires and less material wastage are generally regarded as 
advantages of wire feeding as compared to metal powders. In contrast, pool 
agitation, track perturbations, ripples or serrations and laser reflections are 
considered as the potential problems wire feeding method [96]. In addition, 
Chapter 3:  Laser Direct Metal Deposition 
56 
 
specialist equipments are required to prevent wire bending and to deliver it 
to the melt pool. 
3.5.3 Combined wire and powder feed 
 
The combined wire and powder method utilises both wire and powder for 
the deposition of layers on the substrate. Wire and powder are 
simultaneously injected from the lateral and coaxial nozzles into a laser 
generated melt pool. In another study Syed et al [74] utilized this idea of 
combining two separate processes of powder and wire to produce multilayer 
parts. They concluded that the energy absorbed by the melt pool increases  
compared to having wire or powder deposition process only. They noted the 
increased deposition efficiency of the process and improvement of the 
surface finish in the deposited parts. Figure 3.7 shows a schematic view of 
combined wire and powder metal deposition.  
 
 
Figure 3.7: A schematic view of combined wire and powder metal deposition [74] 
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3.5.4 Pre-placed powder and wire 
 
This method is simple compared to mass delivery through an inert gas 
carrier. Powder is placed on a surface and a defocused laser is scanned 
across the powder. Laser power is easily transmitted through the powder 
and therefore melts both the surface of the substrate and powder [97]. But as 
a result of evaporation with intense laser heat, porosity develops in the 
powder. In addition, high dilution also occurs with the increased exposure 
time [98]. Preplaced wire has also been used by Cheng et al [99] and they 
found that it is feasible to get thick and homogeneous clad layer.  In terms of 
the ability to produce solid structures using lasers, the pre-placed powder 
method is limited to one layer normally.  
3.6 Final Characteristics of Direct Laser Metal 
Deposition (LDMD) 
3.6.1 Accuracy and surface finish 
 
Accuracy and surface finish are the major issues for parts fabricated via 
direct laser metal deposition process. Deposited layers by the LDMD process 
have an average surface roughness of 10 μm making a secondary finishing 
operation necessary for some applications to achieve high accuracy and 
polished surface texture. 
Weerasinghe and Steen [100] found that the surface finish of the clad layer is 
governed by the degree of overlap of adjacent tracks and track section 
profiles. In another study [101], they concluded that surface finish is also a 
function of viscosity of the cladding material. While, Resch et al [102] 
categorized surface roughness into three process modes by low, medium and 
high based on the powder feeding rate.  
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Adaptive slicing algorithms and techniques have been applied by many 
researchers  [103-106] to obtain an accurate and smooth part surface in a 
rapid prototyping process. An in-time motion adjustment in laser cladding 
process has been adapted by Liu and Li [107] that has resulted in improved 
dimensional accuracy and surface finish. Experiments were conducted on 
Steel 45 and by adjusting process parameters in a closed-loop control system; 
they were able to obtain dimensional accuracy within ±0.05 mm and an 
improved surface finish.  
3.6.2 Porosity 
 
Porosity and void formation are the inherent problems of the gas fed LDMD 
process. Porosity can be generated due to multiple factors depending upon 
processing conditions and the deposition of material itself.  Due to complex 
combination of factors in creation of porosity, it is difficult to provide a 
solution to achieve fully dense porosity free material. 
Porosity in LDMD can be classified into two types i.e. lack of fusion and gas 
porosity. The former is caused by the insufficient melting along the layer 
boundaries also called as interlayer porosity; the latter is caused by the 
entrapment of gas in metal powder and /or release of the gas from powder 
particles. 
A microstructure examination of Stainless Steel 316L by Lewis and 
Schlienger [108] using DLF process revealed pores in the fabricated part 
shown in Figure 3.8. The porous microstructure was reported to be a result 
of gas evolution during solidification and due to lack of fusion between 
layers or adjacent passes of the molten pool. 
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Figure 3.8: Porosity observed in DLF deposits due to residual gas contents and lack 
of fusion between layer boundaries [108] 
 
In order to minimise the formation of porosity, Li [109] suggested that one 
way to control the formation of porosity is to bake the powder immediately 
before depositing it. Nurminen et al [91] proposed that by increasing the heat 
input to the process, gas porosity can be decreased. In this way, the 
solidification rate can be reduced thus allowing the gas bubbles to escape 
into the environment before the melt pool solidifies. The lack of fusion 
porosity occurred more in a thin substrate because of more heat dissipation 
compared to a thick substrate [110]. 
It was reported [110, 111] that both lack of fusion and gas porosity tends to 
decrease with decreasing speed and increasing power, as this provides more 
energy to melt the powder and therefore reduces the likelihood of porosity. 
However, in their work, only the effects of laser power and speed were 
investigated, even though the process involves other variables such as 
powder feed rate and gas settings which also influences the occurrence of 
porosity. It has been reported by Morgan et al [112] that a re-melting scan, 
where the laser beam scans the previously deposited layer without 
delivering any powder, can be used to reduce porosity through releasing of 
any entrapped gas. Goswami et al [113] discovered that porosity can be 
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avoided by the proper selection of scanning speed. They noted that at  high 
scanning speed the gas bubbles do not have enough time to come out from 
the surface of melt pool and at low scanning speed the amount of dissolved 
gases increases substantially. 
Steen et al [114] showed that lack of fusion porosity would develop if the 
track aspect ratio (width/height) becomes less than five, while Susan et al 
[115] showed that powder with high porosity contents results in deposits 
with increased porosity. They also found that powder with large 
void/particle size ratios may result in less deposit porosity compared to 
powder with lower void/particle ratios and this was attributed to escape of 
the gas from the melt pool due to significant increase in the buoyancy with 
larger voids. Hua and Choi [116] found that porosity formation in the LDMD 
process is related to the dynamics of the melt pool, and irregular shaped 
voids are caused by insufficient laser power. Choi and Chang [117] found 
that high powder feed rate results in higher porosity, while higher laser 
power results in low porosity level regardless of powder feed rate. Wang 
and Felicelli [118] found that higher traverse speed can cause lack of fusion 
porosity, particularly in layers close to the substrate and that more laser 
power is required at higher traverse speeds in order to get a dense part. 
Ng et al [119] found in their work on Inconel 718 LDMD that Marangoni flow 
will tend to retain the gas bubbles resulting in coalescence and creation of 
larger pores. 
LDMD process has also been used to intentionally generate porous 
structures as reported by Ahsan et al[120]. Such porous LDMD structures 
have their use in catalysts, sensors and biomedical implants where a certain 
degree of porosity is crucial. One of such porous structure is shown in Figure 
3.9. 
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Figure 3.9: A typical porous structure of Stainless Steel 316L  fabricated by LDMD 
at 1.6kW laser power, 250ms pulse duration and 0.133g/s powder flow rate:(a) 
sample; (b)MicroCT image [120] 
3.6.3 Surface hardness 
 
The hardness of a material is determined by its intrinsic hardness which is 
the hardness of the material in single crystal form and by its microstructural 
nature that affects the deformation mechanisms [121]. As indicated by the 
Hall-Petch relationship, the hardness is a function of the grain size [122] as 
given below: 
  % 
 %& '  ()

                         (3.1)
                                                                                                
Where %,  are hardness and grain size respectively and  %& and ( are 
constants. Hardness varies with the reciprocal square root of the grain size. 
According to Takaki et al [123], the Hall-Petch relationship can only be 
applied for the grain size above 0.1μm. Below this grain size the 
experimental results of hardness deviates from the relation. In LDMD 
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processed structures, average grain size is above 0.1μm so the above 
relationship is valid. 
Wang et al [124] reported that grain size decreases with increasing cooling 
rate, thus according to the Hall-Petch relationship the hardness will increase 
with increasing cooling rate during solidification. In addition, Wang and 
Felicelli [118] observed that hardness of deposited layers increases with 
increases in traverse speed which is consistent with the earlier finding of 
Griffith et al [125]. Hardness in the LDMD processed materials is often 
position dependent. High hardness values are observed near the substrate 
because of the three dimensional heat flow, but re-heating of the subsequent 
layer deposition eventually leads to low values [126]. 
3.6.4 Mechanical properties 
 
The mechanical properties of laser direct deposited parts are determined by 
the solidification microstructure. The solidification microstructure depends 
essentially on the local solidification conditions e.g., solidification rate, 
temperature gradients at solid/liquid interface etc, which in turn depend on 
the heat and mass transfer of the system. The process variables, such as laser 
power, traverse speed and powder feed rate also play an important role in 
producing components with different mechanical properties. Tensile and 
yield strengths of the deposited material generally increase with traverse 
speed and decrease with laser power [127] due to the increased cooling rates 
that these parameter changes induce. 
Mechanical tests conducted by Zhang and Shi [128, 129] revealed mechanical 
properties of laser direct deposited materials that exceeded conventionally 
processed wrought materials. The properties were observed for 633 copper 
alloy, 316L Stainless Steel and Rene’95 nickel super alloy. A similar 
comparison for Stainless Steel 316L, Inconel 690 and Titanium alloy was 
done by Lewis and Schlienger [108]. Laser direct deposited parts are 
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generally anisotropic due to the layered construction method, i.e., the 
properties are different in the vertical (across the track) and in the horizontal 
direction (along the track). This is due to the residual stresses generated 
during the process and directional solidification of the part. In most cases, 
yield and ultimate tensile strengths are greater in the horizontal direction, 
but ductility is lower than in the vertical direction [130]. Resch et al [102] 
examined the properties of 45C-NS in both directions in a blown powder 
deposition process. A comparison of mechanical properties for various laser 
deposited materials is given in Table 3.2. 
 
Table 3.2: Mechanical properties comparison of laser direct deposited materials [102, 
108, 129] 
 
Material Test direction UTS (MPa) Elongation (%) 
45C-NS Horizontal 1046 11.4 
45C-NS Vertical 864.7 2.4 
Stainless Steel 
316 
Vertical 579 41 
Stainless Steel 
316L 
Vertical 626 43 
Inconel 690 Vertical 666 48.8 
Ti-6Al-4V Vertical 1027 6.2 
663 Copper alloy Vertical 260 26 
 
3.6.5 Deposition microstructure 
 
Solidification microstructures largely depend upon properties of phases of 
the alloy, local solidification processing conditions such as thermal gradient, 
solidification velocity and stresses [131]. The LDMD process can produce 
much finer and controlled microstructure than conventional methods, due to 
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its rapid solidification and several solid-state phase transformations 
occurring as the part is cooled to room temperature.  
The thermal gradient, solidification cooling rate and solidification velocity 
are related by the following equation [132]: 
                  
t
T
G
R
∂
∂
=
1                                                             (3.2) 
Where R is solidification velocity, G is thermal gradient and 
t
T
∂
∂
is 
solidification cooling rate. 
 
Key theory for directional solidification was initially developed by Fisher 
and Kurz [133, 134]. In another study by Kurz and Trivedi [135], they 
classified rapid solidification processes into three groups and found that 
rapid solidification covers the interface growth velocities from 10-2 to 103  m/s. 
They illustrated that solidification velocity and cooling rate are more 
important variables than the temperature gradient in the liquid ahead of the 
solid-liquid interface,G .  
Results for solidification on cooling rate and thermal gradient can be 
interpreted in the context of a solidification map to predict trends in grain 
size and morphology. Building on the Fisher and Kurz work [133, 134], 
Gaumann et al [136] carried out analytical modelling and developed process 
maps that relate the expected solidification microstructures and growth 
morphologies to the processing conditions for single crystal LDMD as shown 
in Figure 3.10. 
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(a)      (b) 
Figure 3.10: Processing map showing the dominant microstructure as a function of 
the laser power Q: and (a) laser scanning speed Vb; and (b) laser beam diameter Db; 
for two preheating temperatures T0 [136] 
 
Bontha et al [132] utilised both analytical and finite element modelling to 
determine the relationship between the dendrite morphology, the 
temperature gradient and solidification velocity during the LENS deposition 
of Ti-6Al-4V by plotting points in G  vs. R space. The authors found that the 
resulting grain morphology can be predicted as columnar, equiaxed or 
mixed. The conditions of laser power and laser travel speed for a fully 
columnar dendritic structure are also obtained in LENS-deposited Ti–6Al–4V 
thin walls as shown in Figure 3.11. 
 
 
Figure 3.11: Comparison of trends in grain size and morphology in large-scale 
(higher power) deposition of Ti–6Al–4V from (a) 3D FEM and (b) 3D Rosenthal 
[132] 
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The relationship between dendrite arm spacing (DAS) and cooling rate 
provides a useful approach to establish the effect of thermal conditions on 
microstructure. The general relationship between cooling rate and DAS is 
[137]: 
( )bTADAS &=                    (3.3) 
Where A and b are constants and T& is cooling rate.  
Hofmeister et al [138] utilised thermal imaging and metallographic analysis 
techniques to investigate the thermal behaviour during the LENS process, 
and in particular, the cooling rate. They showed that cooling rates during 
solidification depend on melt pool length, so by controlling the laser power a 
desired melt pool length and hence microstructure can be achieved. Another 
study carried out by Hofmeister et al [139] investigated the solidification 
microstructure of LENS processed Stainless Steel 316 and showed that 
microstructure near the melt pool interface has a columnar structure while 
the other regions have cellular morphology. They also found that the 
dendrites and cells have a finer structure at lower laser power. Zheng et al 
[140] established cooling rates based on the DAS during LENS deposition of 
Stainless Steel 316L.  
Guo and Kar [141] used a one-dimensional mathematical model to 
investigate the evolution of microstructure due to rapid solidification in laser 
material processing. They also conducted laser cladding experiments [142] 
with Stainless Steel 316 on plain carbon steel substrate to verify the 
theoretical predictions.  
Pinkerton et al [143] found that different grain morphologies were obtained 
by varying laser power and powder flow values. They proposed that 
although the commonly used thermal gradient and solidification velocity 
diagrams can be used to predict the columnar-equiaxed nature of the 
microstructure; intramelt pool factors such as Marangoni flow and changes 
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in nucleation density caused by injected powder should also be accounted 
for in a realistic model.  
Grujicic et al [144] used Cellular Automation and Finite Difference methods 
to simulate solidification of the melt pool and the effect of LENS process 
parameters on the resulting solidification microstructure of Al-7wt% Si. They 
noted that an increase in the laser power promotes the formation of equiaxed 
grains and gives rise to a coarser columnar microstructure. 
While, Yin and Felicelli [145] simulated dendritic structure using Finite 
element and Cellular Automation during solidification of Fe-C alloy in the 
molten pool of the LENS process. They analysed the effects of several 
process conditions such as laser power, cooling rate, and laser traverse speed 
and layer thickness on the solidification microstructure. Figure 3.12 shows 
that deposited layer increases from 0.25 to 0.5 mm (greater amount of 
powder metal) for a single pass, the corresponding laser power is also 
increased, and thus a larger molten pool is formed. A thicker layer needs 
higher laser power, which results in more latent heat being removed from 
the molten pool, thus producing a lower cooling rate. 
 
Figure 3.12: Dendrite structure with deposition layer thickness of (a) 0.25 mm and 
(b) 0.5 mm at a laser moving speed of 10 mm s-1. The colour bar indicates solute 
concentration of C (wt %) [145] 
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3.6.6 Residual stresses and distortion 
 
Residual stresses usually obtained in LDMD process can produce cracking or 
limit the practical use of these deposits. Moreover, residual stress-induced 
warping is a major concern in a LDMD process which can lead to 
unacceptable losses in dimensional tolerance. Stresses are caused by the 
differences in the thermal expansion/contraction of the deposit and substrate 
and most importantly due to the thermal load that induces the residual 
stresses during deposition process. 
There is a desire to control the formation of the residual stresses and many 
researchers have tried to minimise the effects of residual stresses during 
deposition process. The effects of different parameters such as substrate 
preheating [146, 147] , heat treatment of the deposited material [148] and 
deposition pattern [149, 150] on the magnitude of residual stresses have been 
extensively studied. 
Dai and Shaw et al [151] demonstrated that the distortion in laser processed 
components is mainly caused by the transient thermal stresses rather than 
residual thermal stresses. They also noted that distortion can be decreased by 
increased laser scanning rate. In another work by  Dai and Shaw [152], it was 
found that variation in the laser scanning pattern could lead to a reduction in 
the residual stress levels as shown in Figures 3.13 and 3.14. 
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Figure 3.13: (a) Schematic of laser scanning pattern I and (b) the final shape of the 
nickel plate after the laser scan using the scanning pattern I [152] 
 
 
Figure 3.14: Laser scanning pattern II and (b) the final shape of the nickel plate after 
the laser scan using the scanning pattern II [152] 
 
Beuth and Klingbeil [153] showed that substrate preheating and laser power 
and velocity adjustment are possible strategies of controlling thermal 
gradient and melt pool size and hence a means to influence the residual 
stress fields generated during LDMD. 
Grum and Žnidaršič  [154] found that along with deposition pattern, 
different alloy powders have different effects on the residual stress fields. 
Multilayer clads of austenitic Stainless Steel as an intermediate layer and 
stellite 6 as the surfacing layer were produced by Frenk et al [155] to 
investigate the potential of controlling residual stresses in a laser cladding 
process with an intermediate layer, however their technique does not 
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seemed to be very promising in solving the problem of residual stresses. On 
the contrary, pre-heating the base before cladding and thermal retardation 
after the process are reported by Tian et al [156] to relieve the residual 
stresses. 
Griffith et al [156] used a holographic-hole drilling technique to determine 
the residual stress state in the H13 tool steel samples. It was conceived that 
the transformation that occurs during the deposition process may act to 
reduce the residual stress level. Rangaswamy et al [157, 158] undertook 
detailed studies of residual stresses in thin wall and pillar structures using 
neutron diffraction and contour methods. They noted that in the first few 
millimetres of the thin wall, compressive stresses in the direction of growth 
have been found to dominate. While higher in the deposit, near the top 
surface, tensile stresses in the longitudinal direction were observed. Moat et 
al [159] employed pulsed beam diode laser deposition parameters to 
influence residual stress fields. They noted that pulsed parameters appeared 
to have little effect on the stresses close to the top of the wall, while close to 
the bottom of the wall the magnitude of stresses appeared to be affected by 
the sample height produced during the laser deposition process. 
A recent study by Pratt et al [160]  concluded that component of the stress in 
the vertical direction (i.e., perpendicular to the deposition direction) is 
dominant, and relatively insensitive to variations in laser power and travel 
speed. The results shown in their work compared well with those of 
Rangaswamy et al [158].  
3.7 The effects of process parameters on part geometry 
 
The characteristics of net-shape or final part obtained by LDMD process are 
mainly affected by process parameters, therefore optimal processing 
parameters are the key to get good results. Experimental investigations were 
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carried out by many researchers to understand the influence of process 
parameters on part characteristics, a selection of these studies with a major 
dependent process variable is given below: 
3.7.1 Powder-feeding rate and scanning velocity 
 
Since powder-feeding rate and scanning velocity obviously determine the 
quantity of powder fed into molten pool and the intensity of the laser energy 
absorbed by substrate and powder in unit time, to a great extent, they 
dominate the height of layer in LDMD process. Consequently, they must be 
restricted in a certain range so as to make the height of individual layers 
formed by the fused metallic powder matching the thickness of sliced CAD 
model. Otherwise, the accumulative multi-layer errors in height direction 
can lead to the component distortion resulting in a mismatch between the 
final geometry and the designed geometry. 
 The effects of various process parameters such as powder injection point, 
laser power, scanning velocity, spot size and quality of the clad were 
investigated by Li et al [161]. It was found that the height of the clad was 
affected by almost all the processing parameters while width of the clad was 
affected by laser power, scanning velocity and spot size in such a manner 
that it increases with the increase in laser power and spot size and decreases 
with increase in scanning speed. A study conducted by Kumar and Roy [162] 
investigated the relationship between laser power and scanning speed on 
process parameters namely build-up height and average dilution. It was 
suggested that in order to achieve the desired clad height, laser power 
should be controlled.  
A study by Resch et al [102] has shown that the layer width, height and 
roughness of the clad surface decreases with a decrease in powder feeding 
rate. Li et al [161] on the other hand reported a linear relationship between 
scanning velocity (V), powder feeding rate (M) and the height of the single 
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clad layer (H) using Stainless Steel 316L and nickel base alloy. The influence 
of these parameters on clad height (H) was found to be same for both 
materials and is shown graphically in Figure 3.15.  
 
Figure 3.15: The variation of the height of single cladding layer under varying 
feeding rate and scanning velocity for nickel-base alloy [161] 
 
3.7.2 Laser power and spot diameter 
 
Laser power (P) and spot diameter (d) mainly affect the width of the clad as 
investigated by Li et al [161], in addition to scanning velocity (V) that was 
also found to affect track width. Figure 3.16 shows the width of single clad 
increases with increasing of laser power and decreases with increasing of the 
scanning velocity. While, increasing spot diameter results in the increase of 
the width of single clad when laser power is high enough and decreases 
when it is not high enough. 
 
 
Figure 3.16: Width of the laser clad under different parameters [161] 
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Another important factor in this research concerning dilution was found to 
be the temperature of the base material. A relationship was established that 
showed an increase in dilution with the increase of preheating temperature. 
Kim and Peng [163] suggested that for multi-path cladding, a lower laser 
power should be selected for the second cladding layer in order to avoid the 
influence of dilution with the first cladding layer. 
Research done by Smugeresky et al [164] showed that the surface hardness is 
a function of laser power, traverse speed and particle size. Hardness was 
found to increase with the increase in traverse speed, whereas the inverse 
was true for increasing powder particle size and laser power. The effect of 
laser power on metal clad were also investigated by Utsumi et al [165] using 
a new cladding technique that combines CO2 laser and a tungsten inert gas 
(TIG) arc for cladding at high speeds. It was observed that the degree of 
dilution improved using laser-TIG combined cladding. By applying the 
results to subsequent cladding in layered fashion, high quality clads were 
obtained with a very low dilution into the base material. 
3.7.3 Cooling rate 
 
The cooling rate during the deposition can be affected by several parameters 
including laser input energy, substrate temperature, material properties, 
substrate geometry and beam shape. Microstructure is related to the cooling 
rate during solidification by the Kurz and Fischer [166] relationship, that 
defines microstructure as being proportional to the reciprocal cube root of 
cooling rate during solidification.  
Effects of cooling rate on microstructure have been studied in great detail by 
Pryds and Huang [167] on a low carbon steel. The dependence of 
microstructure on cooling rate was determined by X-ray diffraction (XRD) 
and transmission electron microscopy (TEM) and, in general, surface 
hardness was found to increase with the increasing cooling rate. Apart from 
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its direct relation with microstructure, rapid cooling rates can lead to higher 
tensile and yield strengths [168, 169]. Mazumder et al [28] studied the effects 
of  specific energy and deposition layer thickness on the cooling rate as 
shown in Figure 3.17.  
 
 
Figure 3.17: (a) Influence of layer thickness on cooling rate (b) inverse relationship 
between specific energy and cooling rate [28] 
3.7.4 Powder flux and specific energy 
 
Work carried out by Pelletier et al [170] proved that dilution is highly 
dependent on injected powder flux. Dilution was found to increase for a 
lower powder flux and decrease with a high powder flux, whereas the 
inverse occurred for variation in deposited mass of the clad layer. 
Earlier in 1983, Weerasinghe and Steen [100] described the process of laser 
cladding using Argon blown powder delivery in which they observed that 
for a given specific energy, dilution of a single cladding layer is independent 
of laser intensity and traverse speed. An increase in dilution effects with an 
increase in specific laser energy was also seen by Sun et al [171] in a titanium 
alloy substrate using TiC powder, where the dilution was enhanced as a 
result of increased specific energy. However, a decrease in micro-hardness 
was observed in both the clad and the dilution zones. 
Choi et al [172] found that an increase in specific energy reduces the surface 
hardness of Fe-Cr-C-W alloy deposit on AISI 1016 steel. They argued that 
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increasing the specific energy input can significantly reduce the cooling rate 
of the melt zone, which therefore resulted in a reduction in the hardness of 
the deposited sample. 
3.8 Melt pool dynamics 
 
During the LDMD process, a melt pool is generated because of laser 
irradiation. There are lot of factors which determine the size of the melt pool, 
and hence also the mechanical and microstructural properties in the final 
deposit or part. These factors involve thermal conduction, Marangoni / 
thermocapillary flow, powder and shield gas forces on melt pool, mass 
transport, laser / powder interaction, melt pool / powder interaction, and 
laser / substrate interaction in the process zone [26]. 
The effect of Marangoni convection, also known as surface-tension-driven 
convection, causes the melt pool to circulate. This is generated by a local 
change in any variable affecting the surface tension including composition 
and temperature [173]. Limmaneevichitr and Kou [174] showed that a 
surface tension gradient is induced by the temperature gradient along the 
pool surface and the temperature dependence of surface tension. As surface 
tension and temperature are inversely proportional [175], the fluid will flow 
along the surface from the centre (where temperature is high and surface 
tension is low), to the edge (where temperature is low and surface tension is 
high). 
Mathematically it is given as: 
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Where / is the surface tension, T is the temperature and s is the distance 
along the pool surface, outward from the centre of the pool. The melt pool 
has its highest temperature under the laser beam, where the surface tension 
has the lowest value. Away from centre of the laser beam, the surface 
 temperature decrea
liquid is pulled towards the boundary of the melt pool, creating a small 
depression in the centre. This depression can be clearly seen in Figure 3.18  
[176]  where a CO2 laser was used to create a melt pool on a steel substrate. 
Figure 
 
To make up for the depression caused in the centre of the melt pool, any 
internal pressure differential coupled with gravitational force will induce a 
counter flow to try to fill this depression 
consequent mixing in the melt pool with thermocapillary ef
Marangoni-Benard convection 
The Marangoni number, which is a measure of the extent of Marangoni 
convection, is defined as 
   
Where, 
T∂
∂γ
 is the surface tension temperature coefficient,
temperature difference between 
the radius of the pool surface,
thermal diffusivity.
Kumar and Roy [178]
and Marangoni number. They 
temperature reduces due to convective heat transfer at low scanning speed, 
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3.18: A melt pool created by CO2 laser [176]
[177]. The resultant circulation and 
fect is termed as 
[178]. 
[179]:   
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the centre and edge of the pool surface,
 µ  is the dynamic viscosity and
 
 numerically modelled the effects of scanning speed 
noted that maximum and average melt pool 
 
 
 
 
 (3.5) 
T  is the 
 L is 
 α  is the 
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where as small reduction is observed at higher scanning speed. In another 
study, Limmaneevichitr and Kou [179] experimentally evaluated that by 
increasing power, Marangoni convection and hence pool size increases. 
Chan et al [180] confirmed this finding by numerically modelling the process 
and found that the presence of the thermocapillary convection changes the 
physics of the process from conduction to convection dominated, resulting in 
an increase in aspect ratio as compared to pure conduction case.  
Lie et al [181] showed the spatial variations in Marangoni forces on a melt 
pool surface by numerical analysis. They showed that with a negative 
surface tension temperature coefficient, flow is outward from the pool centre 
to the pool periphery and results in a shallow and wide pool. In contrast, 
with a positive surface tension temperature coefficient the flow is inward 
from the pool periphery to the pool centre causing a deep and narrow pool. 
Figure 3.19 (a, b) shows the positive and negative surface tension 
temperature coefficient effect on the Marangoni flow in the melt pool.  
 
(a)
 
(b) 
Figure 3.19: Melt pool shape (a) Inward flow (b) Outward flow [182] 
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The surface tension is known to be markedly dependent upon the 
concentration of surface active elements such as oxygen and sulphur in the 
metal [179, 183]. Such elements are responsible for a positive surface tension 
temperature coefficient, increasing temperature and decreasing surface 
tension in the melt pool [182, 183] .  
Kreutz and Pirch [184] solved numerically the surface-tension driven melt 
dynamics in order to determine the geometry of the molten pool, the 
temperature field, the flow field and the surface deformation as a function of 
processing variables. Their results showed that the thermocapillary flow 
became suppressed above a critical laser scanning velocity. Anthony and 
Cline [185] showed that Marangoni flow rippling can be avoided by 
operating above a critical scanning speed at which the interaction time 
would be too short to activate Marangoni flow. 
3.9 Measurement techniques and control of LDMD 
process 
 
In addition to the need to control the high temperatures that are encountered 
in a LDMD process , residual stress measurement and its control is also 
required to avoid distortion of the deposited components. Moreover, motion 
path and control code need to be optimized to reduce overall process time 
from the CAD model to the finished part. This section lists some of the 
monitoring techniques adopted by researchers to improve part properties 
and gain better control of the LDMD process. 
An image processing system developed by Meriaudeau et al [186] used two 
CCD matrix cameras to control parameters during the process. One camera 
was used to give a surface temperature reading that in turn enabled 
calculation of variations in mass feed rate during the process. The other 
camera provided information on powder distribution and powder speed. 
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Using this open-loop system and by analysing the acquired results, they 
were able to increase the efficiency of the laser cladding process.  
Yu et al [187] utilized high temperature thermocouples to measure the 
thermal cycle and temperature distributions for laser cladding process. They 
used an optimum set of process parameters with various cladding materials 
in their experiments and measured the clad zone temperatures under 
various conditions. The recorded temperatures were found to be in the range 
of 1650 to 1800 °C that were in good agreement with those measured by an 
optical pyrometer. 
Work has been carried out by Koch and Mazumder [188] to improve the 
accuracy of a DMD process. They used a closed loop feedback controller 
system as shown in Figure 3.20, where an optical sensor measures the layer 
height and controls the laser duty cycle. The duty cycle is used to control 
powder flow rate.   
 
 
Figure 3.20: Closed loop DLD system with feedback controller [188] 
 
Using optical sensors for the control of the laser welding process, Dilthey 
[189] was able to control the filler wire speed that can fill up joint gaps and 
 thus prevents welding faults. A seam tracking sensor was used to measure 
the joint gap width in 
transmitted on-line to an adaptive wire feeding system and converted into 
the required wire-feeding speed. Moreover, additional power and weld 
speed adaptation allow
process. 
Control of deposit thickness and height is a critical issue in a LDMD process 
since it impacts on the quality of the product and a better control will result 
in substantial savings in post process machining cost for surface finish. 
Mazumder et al [126]
melt pool by a Reflective Topography technique
feed-back loop to control the process parameters to limit the maximum 
height of the metal deposition. The sample produced without any height 
control was found with excess cladding build
as shown in Figure 3.21.
 
Figure 3.21: Fabricated samples. Left: with height controller, Right: no height 
 
The control of the m
and to compensate the different fluctuations. Demure 
controller to control the size of the molten pool. The closed loop 
regulated the laser power
controlled the temperature of the process
constant and varying the laser power to compensate 
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 used a series of sensors to measure the deformation of 
, which was operated in a 
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controller [126] 
elt pool is also important to keep the process stationary 
et al [190]
 based on the light of the molten pool. This in turn
, by keeping the temperature 
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s then 
k overlapped 
 
 used a PID 
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temperature of the melt pool. The layer thickness using this PID controller 
was found to be more regular than without the controller as shown in Figure 
3.22. 
 
 
Figure 3.22: DLD process with and without PID control [190] 
 
Grant et al [191] disclosed  a fuzzy logic controller for manipulating the laser 
processing variables such as laser power, laser intensity and laser beam 
velocity to control the penetration depth of welding. 
3.10 Summary 
 
Direct laser deposition is a promising manufacturing technique, which 
combines the technologies of computer-aided design, laser cladding and 
rapid prototyping. In this chapter different material delivery methods 
involved in LDMD have been discussed. The literature has shown that the 
macro and micro structures of LDMD processed materials are dependent on 
a complex combination of the process parameters. The phenomenon of 
Marangoni flow in the LDMD process which plays an important role in the 
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final characteristics of a part has also been discussed. The process 
characteristics of LDMD and closed loop control system by various authors 
have also been detailed. 
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Chapter 4. Materials and Equipments 
Used In the Experiments 
 
4.1 Introduction 
 
This chapter describes in detail the materials and experimental equipments 
used in this project to fabricate samples and characterise the microstructure 
and residual stresses generated during LDMD process. 
4.2 Materials 
 
The outline of the project proposed for this study, was to investigate three 
alloys, namely Inconel 718, Ti-6Al-4V and Stainless Steel 316L. These three 
alloys are widely used in automotive, aerospace, electronics, ornaments and 
medical instruments applications. They are briefly discussed in the following 
section. 
4.2.1 Nickel based super alloys 
 
The wrought and cast forms of nickel are of particular value in the chemical 
industry because of their resistance to corrosion in alkaline and other media. 
Similarly nickel alloys with additions of manganese, silicon and zirconium 
are used for the electrodes of internal-combustion engines spark plugs [192]. 
Nickel-based alloys have emerged as a key candidate material for use in 
aerospace industry because of their high operating temperature capabilities. 
They have good mechanical properties and good corrosion resistance at high 
temperatures. Ni alloys are grouped into binary Ni alloy (i.e. Ni-Cr alloy and 
Ni-Cu alloy) and ternary Ni alloy systems. The Ni-Fe-base super alloy is 
widely used in comparison with other ternary Ni alloys. 
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All nickel based super alloys have a face-centred cubic (FCC) structure and 
this is conventionally termed as “γ” or gamma phase. To improve the 
oxidation resistance and increase the strength, Cr and Mo are usually added 
to nickel based alloys. Unique intermetallic phases can form between nickel 
and nickel alloying elements. Aluminium and titanium are usually added 
together for the age hardening γ΄ precipitate Ni3 (Al, Ti). The Ni3Nb γ΄΄ 
precipitate generally forms preferentially in alloys with Nb contents above 
4wt% [193].   
Inconel 718 is probably the most commonly used nickel based super alloy. 
Unlike the γ΄ strengthened nickel super alloys, Inconel 718 is strengthened 
by a metastable Body Centred Tetragonal (BCT) intermetallic phase γ΄΄. 
Compared to γ΄ strengthened alloys the precipitation kinetics of Inconel 718 
are considerably slower with ageing heat treatments commonly lasting 17 
hrs before optimal hardness is reached [194]. 
Normally, in LDMD processes two types of powders are used i.e. Gas 
Atomised (GA) and Water Atomised (WA). But recently, Plasma Rotation 
Electrode Preparation (PREP) Inconel 718 powder has also been used and 
has showed  improved tensile properties as compared to GA powders, as 
indicated in Table 4.1 [1]. 
 
Table 4.1: Tensile testing results of LRF PREP IN718 [1] 
 
This alloy is one of the most widely used superalloys, having found 
numerous applications in the aeroengine, e.g. as a turbine disk material, for 
shafts and as compressor blades [195]. It is also used in cryogenic 
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applications [196]. Temperature dependent thermal and mechanical 
properties of Inconel 718 are shown in Table 4.2 [197, 198] 
 
Table 4.2: Thermal and Mechanical Properties of Inconel 718 [197, 198]. 
Temperature, 
(K) 
293 500 700 1000 1200 1400 1533†  1617†† 1800 2100 
Density, ρ 
(kg/m3) 
8220 8120 8048 7961 7874 7786 7733 7579 7487 7341 
Enthalpy, H x 
109 (J/m3) 
0.044 0.66 1.44 2.65 3.65 4.62 5.23 7.34 8.36 9.9 
Thermal 
conductivity,  
 k (W/m K) 
11.4 18.7 20.2 22.2 25.7 29.0 31.1 26.8 29.4 33.5 
Temperature 
(K) 
293 700 811 922 1033 1144 1306 1400   
Thermal 
expansion  
coefficient, α 
x 10-6 
12.2 14.4 14.9 15.43 - 17.45 18.34    
Modulus of 
elasticity, E 
(GPa) 
200 178 - - - 139 99 81   
Poisson’s 
ratio, υ 
0.30 
0.27
7 
- - - 0.336 - -   
Yield stress, 
σy (MPa) 
1125  1020 965 800 32 - -   
 
4.2.2 Titanium alloys 
 
Pure titanium, as well as the majority of its alloys, crystallizes at low 
temperatures in a modified Hexagonal Close Packed (HCP) structure, called 
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“α” titanium. At high temperatures, however, the Body-Centred Cubic 
structure (BCC) is stable and is referred to as “β” titanium. The β-transus 
temperature for pure titanium is 882±2°C [199]. The atomic unit cells of the 
HCP “α” titanium and the BCC “β” titanium are schematically shown in 
Figure. 4.1 with their most densely packed planes and directions highlighted. 
 
Figure 4.1: Crystal structure of “ α” and” β” phase [199] 
 
Titanium is a low density element, and it has one of the highest strength-to-
weight ratios and corrosion resistance of the metals [200]. These two 
properties explain its extensive use in the aerospace sector, the chemical 
industry, medical engineering, and the leisure sector. However, Ti alloys 
have an affinity with oxygen, hydrogen and nitrogen, which readily 
generates embrittlements when welding them without properly using an 
inert gas protection [201, 202].  
The titanium alloys are generally categorised into four types according to 
their phases [200]: 
• Alpha “α” 
• Near- alpha 
• Alpha+beta “α+β” 
• Beta “β” 
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Most α+β alloys have high-strength and formability, and contain 4-6 wt% of 
β-stabilisers which allow substantial amounts of β to be retained on 
quenching from the β→ α+β phase fields, e.g. Ti-6Al-4V. Aluminium reduces 
density, stabilises and strengthens α phase, while vanadium provides a 
greater amount of the more ductile β phase for hot-working. This alloy, 
which accounts for about half of all the titanium that is produced, is popular 
because of its strength (1100 MPa), creep resistance at 300°C, fatigue 
resistance and castability [203]. Some of temperature dependent thermal and 
mechanical properties of Ti-6Al-4V are shown in Table 4.3 [2, 3]. 
 
Table 4.3: Thermal and Mechanical Properties of Ti-6Al-4V [2, 3]. 
Temperature, T 
(K) 
293 400 600 800 1000 1200 1400  1878† 1928†† 2100 
Density, ρ (kg/m3) 4430 - - - 4390 4370 4400 4140 4130 - 
Enthalpy, H x 109 
(J/m3) 
0.044 0.66 1.44 2.65 3.65 4.62 5.23 4.934 6.56 - 
Thermal 
conductivity,  
 k (W/m K) 
6.6 6 7.6 11 12.6 15 20.12 25.96 27.5 31.5 
Temperature (K) 293 473 673 873 1073  1878 1928 2100 - - 
Thermal 
expansion  
coefficient, α x 10-6 8.6 9 9.4 9.7 11 11 11 - 
- - 
Modulus of 
elasticity, E (GPa) 
113.8 94.7 84.1 74.2 62.8 10 - - 
- - 
Poisson’s ratio, υ 
0.342 0.23 0.23 0.24 0.24 0.5 - - 
  
Yield stress, σy 
(MPa) 828 270 - - 80  - - - - 
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Most titanium alloys exhibit poor resistance to sliding wear and are 
susceptible to galling and seizing [204, 205]. In order to improve the wear 
resistance of titanium alloys, laser cladding of carbide and ceramic particles 
with titanium has been studied [206, 207]. 
4.2.3 Stainless Steel alloys 
 
The stainless steels are highly corrosion resistant in a variety of 
environments, especially at ambient atmosphere [208]. Due to the passivity 
of chromium [209], all stainless steels contain at least 11wt % Cr which 
creates a thin protective layer of chromium oxide when steel is exposed to 
oxygen. This is especially useful when the metal is scratched, as the oxide 
layer re-forms quickly, hence protecting it from corrosion.  
Stainless steels are divided into three main classes based on the 
strengthening mechanism and predominant phase constituents of the 
microstructure i.e. austenite, ferrite and martensite. The austenite phase 
(gamma phase) of stainless steel has a Face Centred Cubic (FCC) crystalline 
structure, while the ferrite phase (alpha or delta phase) has BCC crystalline 
structure and martensite has BCT crystal structure. The austenitic grades are 
the most commonly used grades of stainless steel mainly because, in many 
instances, they provide very predictable levels of corrosion resistance with 
excellent mechanical properties [210]. Austenitic stainless steels are the most 
creep resistant types of the stainless steels. Alloying with carbon, nitrogen, 
and niobium produces the greatest strength at elevated temperatures. The 
austenitic steel family tree is shown in Figure 4.2.
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Figure 4.2:  The austenitic steel family [211]
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Type 316 stainless steel has the highest stress-rupture strength of the 300 
series alloys [212] and  has a wide range of applications in oil and gas 
industry, refineries, chemical and petrochemical plants and as biomaterials 
because of its excellent corrosion properties and bio compatibility [213].  
Type 304 and 316 series stainless steels have extensively been used both as 
the deposition powder and as the substrate in the laser deposition process. 
Normally, gas atomised powder is considered superior to water atomised 
powder in terms of surface finish, microstructure, hardness and tensile 
strength of the final part [214].  
4.3 Experimental equipment used for LDMD process 
 
4.3.1 Laserline LDL 160-1500 Diode laser 
 
All the experiments carried out throughout this project were performed 
using a Laserline LDL160-1500 diode laser manufactured by Laserline 
GmbH, Germany as shown in Figure 4.4. It operates in the near infrared 
wavelength range with approximately equal intensities of 808 nm and 940 nm 
radiation with a maximum power of 1500 W. The output beam of the diode 
laser has a rectangular transverse beam intensity profile with an 
approximately “top hat” intensity distribution and was fitted with optics 
with a focal length of 300 mm. This type of laser has a wide range of  
applications and can be used for cutting, welding, cladding and surface 
processing [215]. 
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Figure 4.3: Laserline LDL160-1500 diode laser 
 
4.3.2 Powder delivery system 
 
An FST PF-2/2 powder feeder manufactured by Flame Spray Technologies 
Ltd, UK was used in the experiments. Powder feed contains two canisters of 
1.5 litres each capacity and a mixing motor to distribute the powder evenly 
on the rotating disks. The disks and mixing motors are controlled 
electronically using a Siemens controller [216]. Argon gas was used as a 
carrier gas for powder feeding. 
The powder feeder had to be calibrated for the delivery of Stainless Steel 
316L powder. As powder feeder shows its output in rpm, so to get the 
delivery rate of powder in g/s, a calibration was needed. For calibration 
purpose, powder was collected in a container at different rpms for known 
time periods. The weights of empty and full containers were measured using 
a Sartorius electronic precision scale. Powder was carried through piping to 
Chapter 4: Materials and Equipments Used In the Experiments  
92 
 
the coaxial deposition head shown in Figure 4.4. The deposition head 
comprises Laserline collimating and focusing optics and a nozzle assembly 
made by DeBe Lasers Ltd. The nozzle consists of a central laser passage with 
a gas stream to protect the optics, a single powder outlet annulus, with no 
second outlet for a focusing gas stream, and an annular water cooling 
passage.  
 
 
Figure 4.4: Deposition head used during the experiments 
 
4.3.3 Scanning electron and optical microscopy 
 
Scanning electron microscopy (SEM) is a common method used for 
microstructural analysis for LDMD. In optical microscopy, visible light and a 
system of lenses are used to magnify the images or micrographs. But optical 
microscopy is limited by the inherent resolution defined by the wavelength 
of light. As compared to the optical microscope, electron microscopy can be 
used to gain resolution, by using electrons as its illumination radiation rather 
than visible light. 
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SEM does not directly image the surface of a sample, but rather maps the 
electron emissions from regions by continuously sweeping an electron beam 
across a sample surface. The signal collected from the sample can be formed 
from different types of emitted electrons. 
During this project, a PolyVar-MET optical microscope manufactured by 
Reichert/Leica, Austria, along with iSolution DT software was used for 
optical imaging as shown in Figure 4.5. The microscope had bright field - 
dark field and Nomarski (Differential Interference Contrast) imaging modes 
and a 3 MP digital camera with 2x, 5x, 10x, 20x, 50x, and 100x objective 
lenses to capture high quality images. Illumination was by a tungsten-
halogen bulb or high power arc lamp. For scanning electron microscopy, a 
Hitachi-S3400N scanning electron microscope manufactured by Hitachi High 
Technologies, Japan, was used as shown in Figure 4.6. The filament of the 
system is tungsten and featuring magnification from 5 to 300,000x. The 
acceleration voltage range of the system is 0.3-30 kV.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 
 
Figure 4
. 
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.6: Hitachi S-3400N scanning electron microscope
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4.4 Mechanical testing 
 
4.4.1 Vickers indentation hardness test 
 
Indentation tests are perhaps the most commonly applied methods of testing 
the mechanical properties of materials. The hardness tester forces a small 
sphere, pyramid or cone into the surface of the metals by means of a known 
applied load, and the hardness number (Vickers or Brinell) is then obtained 
from the diameter of the impression. The hardness may be related to the 
yield or tensile strength of the metal, since during the indentation, the 
material around the impression is plastically deformed to a certain 
percentage strain [217].  
In a micro-hardness test, a hard tip (typically  diamond) is pressed into the 
sample with a known load. After some time, the load is removed and the 
mean value of a diagonal is measured in millimetres. 
The Vicker hardness number is then calculated based on the following 
equation [218]: 
     %2 
  
3.56778

                                     (4.1) 
Where d is the mean value of a diagonal in millimetres and W is the imposed 
load in kilogram,  
Vicker hardness measurements were used in this work to obtain information 
on the mechanical properties of the LDMD structure. Vickers hardness 
testing was undertaken using a MICROMET® 5114 micro-indentation 
hardness tester manufactured by BUEHLER Instruments, as shown in Figure 
4.7. The measurements were performed in cross sections of the materials that 
had been ground and polished to eliminate the macro- roughness. The depth 
of the work hardened zone is negligibly small compared to the depth of the 
indentation so that it does not influence the measurement. The test samples 
were forced with a diamond indenter. The loading force of this machine 
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ranges from 1 gf to 2000 gf for the duration of 10 seconds for each 
measurement. Diagonal lengths of indentations were measured under the 
magnification of 10X.  
 
 
Figure 4.7: MICROMET® 5114 microhardness test machine 
 
4.4.2 Dry sliding wear test 
 
Wear has been defined as the removal of material by mechanical action. A 
number of possible wear mechanisms may operate simultaneously. Types of 
wear mechanisms can be split into five main categories which are abrasive, 
adhesive, erosion, fatigue and fretting wear. 
In this work, only abrasive wear has been calculated on the laser deposited 
functionally graded Ni-Steel structures. In Abrasive wear, that is defined as 
the removal of a material from a surface by harder material moving along 
the surface under load, a harder material indents the surface and removes 
the material. A Teer Coatings (POD-2) pin on disk wear tester, Figure 4.8, 
was used in this work to evaluate the wear properties of functionally graded 
LDMD structures. The machine is a computer controlled pin on disc type. 
The wear pin used in this study was an Ø 5 mm WC-6%Co ball (Ra= 0.02 
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μm). The wear pin creates a circular wear track on the sample. The sliding 
motion of the sample under the wear pin provides a frictional force 
proportional to the applied load. The friction force is detected by a load cell 
and recorded by the computer. The load can be varied by adjusting the mass 
of dead weight hung at the end of the loading beam.  
Wear coefficients for the sample were calculated from the volume of the 
material lost during a specific friction run. The wear rate (W) and specific 
wear rate (SWR) of the deposited tracks were calculated from the wear track 
cross-section geometry, using the following equations: 
 
    9 
 .:.;
.<.=.;
                        (4.2)
                          
   S9> 
 .:.;
.?.<.=.;
                       (4.3) 
 
Here, w is the wear track width, @ is the wear track depth, = is the track 
diameter, A is the sample rotating speed (rpm),  is the test time in minutes 
and B is the applied load. 
The wear track width was measured by high magnification optical 
microscopy. The wear track depth was measured by using Veeco Wyko 
NT1000 optical surface profiling system as shown in Figure 4.9. 
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Figure 4.8: Teer Coatings POD-2 wear testing equipment 
 
 
 
 
Figure 4.9: Veeco Wyko NT1000 optical profiling system 
 
4.4.3 Tensile Testing 
 
Tensile tests were carried out horizontally to the deposition direction at 
room temperature using an INSTRON 4507 universal tensile testing machine 
operating with a crosshead speed of 1 mm/s shown in Figure 4.10. As no 
international standard exists for evaluating tensile strength properties for 
functionally graded materials,  a comparative study was undertaken for 
tensile strength evaluation. All the samples were tested on as-deposited basis 
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and effective tensile strength was calculated for each sample. After tensile 
testing, the fracture surface was observed using a Hitachi S-3400N SEM. 
 
 
Figure 4.10: INSTRON 4507 universal testing machine 
 
4.5 Chemical composition analysis 
 
Chemical composition analysis using line scanning, was carried out using a 
Zeiss EVO 50 scanning electron microscope equipped with an energy 
dispersive spectrometer (EDX) manufactured by OXFORD Instruments, as 
shown in Figure 4.11. The specification of the Zeiss EVO 50 SEM is listed in 
Table 4.4. 
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Figure 4.11: Zeiss EVO 50 scanning electron microscope equipped with an Oxford 
instruments EDX detector 
 
Table 4.4: Specification of Zeiss Evo 50 scanning electron microscope 
 
Item Value 
Resolution 3.0nm at 30kV 
Resolution BSE 4.5nm at 3.0kV 
Magnification 5X to 1,000,000X 
 
4.6 High speed Camera and illumination 
  
A Photron ultima APX-RS [219], high speed camera was used to observe the 
LDMD process, shown in Figure 4.12. It can operate at 250,000 fps and 
records frames in AVI format data. Illumination of the melt pool was 
provided by an Oxford Lasers copper vapour laser [220], giving 511 nm and 
578 nm wavelength light. A narrow pass filter in front of the camera, blocks 
all other wavelengths and the camera and copper vapour laser were 
synchronized for maximum illumination during the Laser DMD process.  
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Figure 4.12: Photron Ultima APX-RS high speed camera 
 
4.7 Xray Diffraction 
 
X-ray diffraction (XRD) is a powerful technique used to uniquely identify the 
crystalline phases present in materials and to measure the structural 
properties such as strain state, grain size, phase composition and preferred 
orientation of these phases. 
The identification is done by Bragg’s Law, given by Equation.4.4, where n is 
an integer, λ is the wavelength of the incident X-ray beam and θ is the Bragg 
diffraction angle. The phase analysis was carried out using a Phillips 
PW3710 machine with an X-ray diffractometer using CuKα radiation. 
 
   Aλ 
 2d sinθ           (4.4) 
Laboratory based X-ray diffraction systems use relatively large wavelength 
radiation, commonly using Cu radiation of ~1.54Å. This method gives low 
penetration in metallic materials, typically 10s of microns. A method to 
overcome the low penetration, known as the sin2Ψ method has been used to 
calculate stresses. In this method, the sample is tilted at an angle Ψ to get the 
principal stress according to Equation 4.5: 
  
  
Where 
  = Stress in direction 
ν = Poisson’s ratio 
= d-spacing measured at tilt angle, 
 = The “stress free d
 
Residual stresses were measured using a Bruker AXS D8 Discover laboratory 
X-ray diffractometer. This equipment has a polycappilary optics X
and General Area Detector Diffraction (GADDS) detector collecting 
backscattered X-ray Debye
at a 2θ angle of about 128°. 10 
each data point, giving a data collection time of 200 
A Young’s modulus of 203 
derive stresses. The equipment is shown for stress measurement
Figure 4.13. 
 
Figure 4.13: The Bruker AXS D8 Discover laboratory X
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  E = Young’s modulus (GPa)
  Ψ  = Tilt angle (degrees) 
Ψ  (Å) 
-spacing” from approximation measured at 
-Scherrer cones. Diffraction peaks
Ψ  values, from 0 to 45 degrees, were used for 
seconds for each θ value. 
GPa and Poisson’s ration of 0.32 were used to 
-ray diffractometer 
configured for stress measurement
 Experiments  
        (4.5) 
 
Ψ  = 0 (Å) 
-ray beam 
 were recorded 
 is shown in 
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Chapter 5. Stress Formation and 
Cracking During Deposition of Inconel 
718 on Ti-6Al-4V 
 
5.1 Introduction 
 
There has been a growing interest in the use of multi- functional materials 
with significant physical properties difference in a past few decades. The 
functionally graded materials (FGM) concept has been extended to a variety 
of materials in various applications [221]. In FGM, the composition and 
properties are customised to suit specific engineering applications [222]. The 
development of FGMs by laser direct metal deposition has received much 
attention [223, 224]. The freedom to selectively deposit different elemental 
powders at discrete locations using multiple powder feeders makes LDMD 
well suited for the fabrication of FGMs.   
Deposition of dissimilar materials is different from similar materials 
deposition for the following reasons: (1) the thermo-physical properties of 
the substrate and clad materials are, in general, different, and this difference 
can influence the heat transfer during deposition; (2) the magnitude of stress 
differs due to the difference in thermal expansion/contraction properties of 
the two or more materials; (3) composition becomes a parameter that can 
vary over a wide range across the melt pool and consequently, there does not 
exist a single liquidus isotherm that defines the solid-liquid interface. All 
layered fabrication processes based on melt deposition, such as the laser 
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deposition process, suffer from residual stresses in the final part, due to the 
large temperature gradients between the hot melt zone and the cold 
substrate [225]. 
This chapter describes a study on LDMD of two dissimilar aerospace alloys 
i.e. Inconel 718 and Ti-6Al-4V and the results obtained. Instead of gradual 
change in the composition, normally observed in various FGMs, the 
deposition of pure Inconel 718 on top of Ti-6Al-4V substrate has been carried 
out. Laser pulse parameters and the powder mass flow rates have been 
utilised to investigate their effect on the cracking susceptibility of the final 
deposited structures. 
5.2 Previous Work 
 
There is rather limited work on the deposition of Inconel 718 and Ti-6Al-4V. 
Domack and Baughman [226] utilised the flexibility of a Laser Engineered 
Nest Shape (LENS) system to deposit a functionally graded structure of Ti-
6Al-4V and Inconel 718. They used a premixed powder blend, with the 
composition adjusted in steps of 10 percent by volume from 100 percent Ti-
6Al-4V to 100 percent Inconel 718. Macroscopic cracks formed before the full 
transition from Ti-6Al-4V to Inconel 718 was achieved, but the cause of these 
was not investigated in any detail in the reported work. In another detailed 
study of a Titanium and Nickel graded structure by laser deposition, Lin et al 
[227] investigated the solidification behaviour and phase evolution of Ti-6Al-
4V and Rene 88 DT. All proportions of the constituent alloys were not 
investigated; the compositional gradient tested ranged from 100 percent Ti-
6Al-4V to Ti-6Al-4V with 38 percent Rene 88 DT. In their work, they did not 
discuss any cracking observed during their experiment. There have been a 
few reports [228-230]on the laser welding of titanium and nickel alloys but 
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the work was not particularly successful. In spite of this, less work has been 
reported in this field related to laser deposition of dissimilar materials.
5.3 Experimental Procedure
 
A series of experimen
deposition of Inconel 718 on
Figure 5.1. Two sets of samples for each parameters combination were used 
in order to analyse the effect of diode laser pulse parameters and powder 
flow rate, with varying pulse lengt
been shown schematically in Figure 5.2
ranging from 20 ms
 
 
 
Laser Head  
Two-Colour 
Pyrometer 
tion of Inconel 718 on Ti
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ts were performed to investigate single layer laser 
to a Ti-6Al-4V substrate in a setup shown in 
h and period. Pulse length and period has 
, with pulse length and period 
 to 50 ms. 
Figure 5.1: Experimental setup 
-6Al-4V  
 
 
Lateral 
Nozzle 
CNC  
Table 
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Inconel 718 powder (nominal composition of powder given in Table 5.1) was 
deposited on a Ti-6Al
×50 × 11 mm rectangular coupons. These substrates were first sand blasted in 
a Guyson sand blaster and then d
adhesion. In this study, 9 samples were produced using the set up shown in 
Figure 4.1. A 1.5 kW
approximately equal amounts of 808 and 940 
either continuous and pulsed mode, was used to carry out the experiments.
The beam size was experimentally measured by exposing an infrared 
detector card with a sensitivity of 1.75 
mW) of the diode laser and was found to b
axis) with top hat (approximately uniform) power distribution.
Table 
 
Ni Cr Cb Mo
53.4 18.8 5.27 2.99
 
The absorptivity of diode laser wavelengths (808 and 940
using a SD2000 fibre optic spectrometer was 45 ~ 51 %. The substrate was 
tightly secured on a clamp, and then mounted onto a 3 axis position and 
tion of Inconel 718 on Ti
106 
Figure 5.2: Wave definition 
-4V substrate. The substrates were machined into 48 
egreased using ethanol to aid deposit 
 Laserline LDL 160-1500 diode laser, producing 
nm laser radiation operated in 
× 10-9 W/mm2, to the pilot beam (20 
e 2.5 mm (slow axis) 
5.1: Nominal composition of Inconel 718 [231]
 Ti Al Co Si Mn Cu 
 1.02 0.5 0.17 0.12 0.07 0.07 
nm
-6Al-4V  
 
 
× 3.5 mm (fast 
 
 
C P Fe 
0.03 0.01 Bal 
), was measured 
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motion control system. The Inconel 718 powder used was gas atomised, 
giving particles with approximately spherical morphology, and a powder 
size distribution of 53–150 μm. A disc-type powder feeder was used to 
deliver them to the nozzle. The deposition area was also shrouded by an 
Argon gas flow from a side nozzle directed at the melt pool. The gas 
pressure for all the experiments was set at 5 bars. The temperature of the melt 
pool was measured every 0.01 seconds by using a two colour pyrometer with 
a measurement range from 772 K to 2272 K. The pyrometer was fixed close to 
the laser head such that it always recorded the temperature of melt pool 
created by the laser. The experimental arrangement was such that the 
pyrometer could not be placed directly above the measured point and hence 
was fixed at an angle. This arrangement made the pyrometer spot elliptical. 
For an accurate measurement of the maximum temperature, the spot size of 
the pyrometer should be smaller or at least equal to the laser beam spot size 
[232, 233]. In this case, however, as the pyrometer spot was at its focal 
position, its spot size was significantly less than that of the laser beam spot 
size. A velocity of 4 mm/s was maintained during the deposition of all the 
samples. 
During the deposition process, the sample moved parallel to the fast axis of 
the beam. A side feed powder nozzle was positioned at 45° angle to the 
vertical and in line with the direction of motion. Front feeding was 
maintained throughout for all the samples. 
Parameters were varied specifically to enable the study of the effect of 
powder flow rate and the duty cycle. A mean power of 600 W was used as 
established from previous experiments. This provided a specific energy 
appropriate for the deposition of both Inconel 718 and Ti-6Al-4V at the 
chosen traverse speed and beam area and was kept constant throughout. The 
experimental parameters used are shown in Table 5.2. 
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Table 5.2: Experimental Parameters used in the experiments 
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1 1500 20 50 0.4 0.358 
2 857 35 50 0.7 0.358 
3 600 - - 1 0.358 
4 1500 20 50 0.4 0.586 
5 857 35 50 0.7 0.586 
6 600 - - 0.1 0.586 
7 1500 20 50 0.4 0.674 
8 857 35 50 0.7 0.674 
9 600 - - 1 0.674 
A Mean power = 600 W in all cases 
B Duty cycle = pulse length / period 
 
After the experiments, un-cracked samples were held in a fixture on HURCO 
425 Mark 2 sink type spark erosion Electric Discharge Machine (EDM). 
Samples were longitudinally machined till they reached the middle of the 
clad by using Copper as a tool electrode.  
After machining the samples, residual stresses on one set of un-cracked 
deposited tracks (S1-S3) were measured using a Bruker AXS D8 Discover 
laboratory X-ray diffractometer. An iron anode X-ray tube (λ = 1.9360 Å) at 
30kV and 20mA was used and the 311 diffraction peak was recorded at a 
Chapter 5: Stress Formation and Cracking During Deposition of Inconel 718 on Ti-6Al-4V  
109 
 
“2θ” angle of about 128°. 10 ψ values, from 0 to 45 degrees, were used for 
each point, giving a data collection time of 200 seconds for each θ value. A 
Young’s Modulus value of 200 GPa and Poisson’s ratio value of 0.30 [234] 
were used to calculate residual stresses.  
X-ray diffraction phase analysis was carried out using a Philips X'Pert MPD 
X-ray diffractometer with a Cu anode to provide radiation of 1.5405 Å 
wavelength. For each sample, the deposited tracks were separated from the 
substrate and the interface was scanned between 2θ angles of 0 and 85 
degrees with a 30 second scan step time. To perform the X-ray diffraction 
phase analysis, samples 1, 2 and 3 were broken from the substrates, 
forcefully if necessary. X-ray diffraction phase analysis was then carried out 
on the bottom side of the clad and on the top of the substrate where 
individual tracks were deposited. 
After stress analysis, another set of un-cracked samples was transversely 
sectioned and mounted in Struers epoxy resin. All samples were polished to 
Ra=1μm using standard metallographic techniques. The samples were 
electrolytically etched in 10% Oxalic acid to reveal the microstructure. These 
microstructures were then evaluated using a Hitachi SEM. Grain or 
interdendritic spacing was measured by the linear-intercept method. 
5.4 Results 
5.4.1 Microstructure and Visible Cracking 
 
Examination of the final Ti-6Al-4V and Inconel 718 structures showed that 
only three out of the nine samples were crack-free. Sample 1 (0.4 duty cycle, 
low powder mass flow rate), sample 2(0.7 duty cycle, low powder mass flow 
rate) and sample 3(continuous wave, low powder mass flow rate) showed no 
signs of cracking. The cross-section of sample 1 is shown in Figure 5.3. 
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Figure 5.3: Micrograph of Crack free sample at 0.4 duty cycle and powder flow rate 
of 0.358 g/s 
 
All other samples developed severe cracks, initiated at the interface of the 
clad and the substrate. A cross section of the cracked interface of sample 4 is 
shown in Figure 5.4.  
 
Figure 5.4: Cracked interface between Ti-6Al-4V and Inconel 718 in sample 4 
 
Crack developed at 
interface 
Ti-6Al-4V 
Substrate 
Inconel 718 
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SEM of samples, as shown in Figure 5.5, reveal a dendritic structure found in 
the clad region. Variation of the grain size is plotted against the duty cycle in 
Figure 5.6. It must be noted that with an increase of duty cycle, the grain size 
is reduced. This behaviour is also shown for an increase in the powder flow 
rate. It is likely that smaller grains resulted due to fast cooling experienced 
during the continuous wave deposition process in which low power values 
were used as compared to the pulsed deposition process. Pulsed laser 
deposition, due to its high instantaneous power has a slow cooling rate, 
thereby resulting in larger grains. Similar conclusions were drawn by Xinhua 
et al [235], and Kelly and Kampe [236] in their work on the Ti-6Al-4V 
deposition process. 
 
(a)                                                   (b)
 
(c) 
Figure 5.5: Dendritic structures in Samples 1-3(a-c) 
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Figure 5.6: Grain size variation with duty cycle and powder mass flow rate 
 
5.4.2 Phase Analysis using X-ray Diffraction 
 
Different phases constitute the microstructure of the melt pool and these are 
identified from the composition analysis using X-ray diffraction. In this 
work, despite the small size of the samples, clear spectra with well defined 
diffraction peaks were obtained. Figures 5.7 and 5.8 show X-ray diffraction 
spectra for the bottom of clad and the top of substrate of all the samples. The 
XRD patterns for all the samples look very similar except in sample 6 which 
reveals the presence of TiNi3: All these results indicate the presence of Ti2Ni 
and Ti in all of the samples. Quantification of the phases present was not 
possible.  
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Figure 5.7: XRD diffraction patterns showing the presence of various phases at the 
bottom of clad 
 
Figure 5.8: XRD diffraction patterns showing the presence of various phases at the 
top of the substrate 
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5.4.3 Effect of duty cycle on temperature  
 
Figure 5.9 shows a 3D graph for the variation of maximum temperatures 
attained during the deposition with duty cycle and for three powder mass 
flow rates used. It is evident that an increase in the duty cycle has an inverse 
effect on the maximum temperature attained during deposition. This can be 
attributed to the high instantaneous power used in low duty cycle laser 
deposition process. Moreover, an inverse relation between the temperature 
and powder mass flow rate has also been observed. Temperature variations 
during high duty laser deposition are more drastic as compared to those 
with a low duty cycle.  
 
Figure 5.9: Effect of duty cycle on temperature for different powder mass flow rates 
5.4.4  Effect of duty cycle on clad dimensions 
 
Clad heights ranging from 0.78 mm to 1.19 mm were observed across the 
range of parameters used in the experiments, with maximum clad height 
observed at 0.7 duty cycle (Figure 5.10). An inverse trend was observed for 
the clad width, as shown in the Figure 5.11; with lowest clad width of 2.1mm 
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at the high powder flow rate, continuous wave deposition sample, and 2.23 
mm at low powder flow rate, 0.4 Duty cycle deposition sample. In 
comparison to the clad height, the effect of duty cycle on clad width is more 
subtle.  
It can be concluded from these results that the clad dimensions are 
determined by instantaneous power and hence the maximum temperatures 
attained during different duty cycles.  
 
Figure 5.10: Effect of duty cycle on clad height for various powder mass flow rates 
Chapter 5: Stress Formation and Cracking During Deposition of Inconel 718 on Ti-6Al-4V  
116 
 
 
Figure 5.11: Effect of duty cycle on clad width for different powder mass flow rates 
 
5.5 Residual Stress Results 
 
Un-cracked samples were machined in a y-z plane as shown in Figure 5.12. 
Line scans were carried out to measure vertical “σyy” and longitudinal “σzz” 
residual stresses in the middle of the clad and along the track length of un-
cracked samples 1-3. The measured distributions are plotted for three 
different duty cycle depositions in Figures 5.14, 5.16 and 5.17 respectively. 
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Figure 5.12: Substrate and clad geometry 
 
Figures 5.13 -5.15 show an approximately parabolic distribution of residual 
stresses in the z-direction with a maximum calculated stress close to the 
centre position. An increase in tensile stresses in the longitudinal direction 
with increasing duty cycle is also noted. The maximum longitudinal tensile 
stress “σzz” value of 378 MPa is observed in the continuous wave deposition 
case midway along the clad and the residual stress decreases at the edges of 
the deposited tracks, in agreement with stress balance at a free surface. 
For the samples 1, 2 and 3, the normal residual stress “σyy” appears to be 
tensile at the limits of the clad and then changes to compressive towards 
Normal 
Transverse 
Longitudinal 
Direction of deposition 
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interior of the wall. 
 
Figure 5.13: Stress result in sample 1, 0.4DC Pulsed Laser Deposition 
 
 
 
Figure 5.14: Stress result in sample 2, 0.7DC Pulsed Laser Deposition 
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Figure 5.15: Stress result in sample 3, Continuous Wave Laser Deposition 
 
5.6 Discussion 
 
A study of laser pulse parameters has shown that by varying pulse length 
and duty cycle, considerable control over clad and grain morphology can be 
achieved. Varying duty cycle has shown some scope for controlling high 
power diode laser deposition microstructures. At constant specific energy, 
continuous wave deposition is found to produce the finest grain structure. 
However these changes in microstructure come at the expense of variations 
in clad height and more significantly clad width. 
Factors which can cause deposited clads to crack can be divided into 
metallurgical and mechanical factors. Metallurgical factors mainly concern 
phase relationships, while mechanical factors are related to stress behaviour.  
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Considering metallurgical factors; XRD results show the presence of Ti2Ni 
and TiNi3 in all of samples whether cracked or un-cracked. Ti2Ni and TiNi3 
are recognised as one of the brittle phases responsible for cracking in 
welding and their presence in all samples suggest that an appropriate 
selection of laser parameters may not be sufficient to avoid the production of 
such intermetallics. 
 Taking into account the mechanical factors; stresses can be generated by 
constrained elastic expansion or contraction due to transient temperature 
gradients, and thermal expansion coefficient mismatch, and changes in 
specific density due to solid phase transformations. The amount of heat 
input determines the cooling rate, which is inversely proportional to the 
square of the melt pool length [237]. Thermal strains caused by high cooling 
rates can increase the crack initiation rate, but higher thermal gradients 
results in a rapid cooling rate which has been shown previously in case of a 
weld, can also reduce the grain size to increase solidification and crack 
resistance [238].  
The residual stress profiles have been found to be weakly dependent on the 
laser pulse parameters, most notably an increase in tensile stress gradient 
with increasing duty cycle, but the maximum residual stresses are largely 
unaffected. This can be explained by the fact that the cooling rate for the 
continuous wave deposition samples are higher as shown by the clad width. 
Consequently, a larger proportion of residual stress in the longitudinal 
direction is observed as compared to the shorter pulse length or low duty 
cycle samples. This kind of  conclusion is also reported by Moat et al [239] 
who found large tensile longitudinal stresses at the mid position of the wall. 
The vertical stresses “σyy” are tensile near the vertical free surfaces which are 
balanced by the compressive stresses in the interior of the track.  
It is observed that the stresses developed during low powder feed rate 
deposition (continuous and pulsed) are less than the yield strength of either 
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of the two materials (Inconel 718 and Ti-6Al-4V) and the phases which are 
present in the samples are also similar. The measurement of residual stresses 
in this work is limited only to low powder mass flow rate deposition. It is 
necessary, however to establish the residual stress behaviour generated 
during the medium and high powder mass flow rate deposition. Numerical 
modelling of the deposition process may provide the best means of 
estimating these stresses. The next chapter will cover the numerical 
modelling aspects of the deposition process. 
5.7 Conclusions 
 
Various pulse parameters for a diode laser have been used to exploit the 
effects of direct laser metal deposition of Inconel 718 on Ti-6Al-4V substrate. 
The driver for this study is to understand and analyse the deposition of 
Inconel 718 and Ti-6Al-4V by examining the stress fields and phases evolved 
during LDMD. XRD techniques have been utilised for the residual stresses 
and phases generated during the deposition process. It has been found that 
two brittle phases i.e. Ti2Ni and TiNi3 are produced during the deposition of 
all of the samples. It has also been observed that high longitudinal tensile 
stresses are developed along the tracks during the deposition process that 
increased with the increase in duty cycle.  
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Chapter 6. Finite Element Analysis of 
Dissimilar Material Deposition and 
Stress Formation 
 
6.1 Introduction 
 
Engineering problems in various applications have been addressed by 
deriving the appropriate differential equations which relate the variables for 
the problem through basic physical principles such as equilibrium, 
conservation of mass, conservation of energy etc. However, once formulated, 
solving the resulting set of mathematical equations is often impossible, 
especially when the resulting systems are non-linear. To tackle such 
problems, numerical methods offer a viable alternative thereby producing an 
approximate solution for the given problem. Various numerical techniques 
such as the finite element method have been developed over many years. 
The Finite Element Method (FEM) is the most common and powerful 
technique used in structural mechanics. In FEM, a complex region defining a 
continuum is discretised into simple geometric shapes called elements. 
Depending upon the problem, each element can be 1D, 2D or 3-dimensional. 
The properties and the governing relationships are assumed over these 
elements and expressed mathematically in terms of unknown values at 
specific points in the elements called nodes.  
The solution of a typical stress problem through FEM is usually achieved in a 
series of steps as follows: 
a) Dividing the structure into sub-regions or elements by creating a 
mesh that represents the physical problem 
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b) Finding the stiffness of each element 
c) Assembling the individual element stiffness matrices into a global 
stiffness matrix for the whole system 
d) Using stiffness to calculate the displacement field in a response to the 
specified loading 
e) Using the displacement field to calculate stresses and strains for the 
whole system 
Depending upon the nature of the given problem, various types of finite 
element analyses, namely; thermal, structural, fluid flow, coupled-field such 
as thermo-mechanical, etc are possible. Attention is focussed on thermo-
mechanical analysis in this chapter. 
As a result of the wide application capabilities, several finite element 
software packages such as ANSYS, ABAQUS, ADINA, ALGOR, FLUENT, 
MARC, NASTRAN, etc are available. The choice between different packages 
is based on the capability of the package for performing the intended type of 
analysis successfully with the availability of necessary options and functions 
in the software. 
There have been several studies based on numerical modelling of the laser 
cladding/deposition process.  Earlier work on laser cladding was focussed on 
thermal or heat transfer aspects of the laser process. Weerasinghe and Steen 
[240] used a circular bead section in a 3D finite difference model to calculate 
thermal fields. Kar and Mazumder [241] considered the dissolution of 
powder and the effect of process parameters on the composition of the clad 
in a one-dimensional discretisation study. Picasso and Rapaz [242] used a 2D 
approach to find the shape of the melt pool and interaction between the laser 
and the material. There have been several studies that have investigated the 
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transport phenomena in and around the molten pool, including 
solidification, microstructure formation, and the effects of powder injection. 
Toyerskani et al [243, 244] proposed a model to predict the clad geometry as 
a function of time and process parameters including laser pulse shaping, 
velocity of the beam and laser pulse energy. Qi and Mazumder [245] used a 
finite volume model to simulate heat transfer, phase changes, and fluid flow 
in the molten pool during the deposition process. Bontha et al [246] 
calculated cooling rates and thermal gradients at the onset of solidification 
which were numerically extracted from the 2D Rosenthal solution; thus 
developing dimensionless process maps for the prediction of solidification 
microstructure. Kelly and Kampe [247] developed micro-structural evolution 
maps using the results of their thermal model to qualitatively determine the 
equilibrium and non-equilibrium transformations during deposition of Ti-
6Al-4V. Wang and Felicelli [248] developed a model to predict the 
temperature distribution and phase transformation in deposited stainless 
steel 410 (SS410) during the Laser Engineered Net Shaping (LENS™) rapid 
fabrication process.  
LDMD manufactured products have complex residual stress fields that are 
often unwanted. Especially, tensile residual stresses have a adverse effect on 
the performance of a component as they reduce the effective fatigue and 
tensile properties of the structure [249]. In addition, residual stresses can 
cause distortion in the component resulting in a mismatch between the final 
geometry and the designed geometry.  
Several studies have been carried out by various researchers to model the 
residual stress fields in the deposition process. First calculations of the 
thermo-mechanical history of the parts deposited by laser cladding were 
published in late 1990s [250, 251]. Authors used one- dimensional models for 
calculating the residual stress after the deposition of layers. Dai and Shaw 
[151] calculated stresses in multi material (Porcelain and Nickel) parts 
Chapter 6:  Finite Element Analysis of Dissimilar Material Deposition and Stress Formation 
125 
 
without considering the influence of phase transformations on residual 
stresses. The first three-dimensional simulation of the deposition process 
with phase transformation and transformation plasticity considerations was 
carried out by Ghosh and Choi [252, 253]. Bruckner et al [254] evaluated the 
pre and post weld heating effects on the development of residual stresses in 
a single layer deposition process.  
Despite considerable progress over the past 15 years, there is still room for 
refining the simulation tools that can predict the required results and the 
effects of changing the process parameters. Moreover, each numerical model 
is process specific due to the boundary conditions, work piece geometry, 
availability of material properties and loading involved. Any change in the 
boundary conditions, loading or geometry requires the development of a 
new model which is sometimes considered a limitation. However, the 
accuracy of results, the ability to incorporate complex boundary conditions 
and the ability to carry out extensive post processing analysis on results 
counterbalance this limitation. 
6.2 Finite element model description 
 
Due to the intrinsic three-dimensional nature of loads, boundary conditions 
and geometry usually involved in the deposition processes, a sequentially 
coupled, three-dimensional thermo-mechanical FEM model was built using a 
commercial FE programme, ANSYS. The geometry was first created for the 
substrate and then for the moving beam. An elemental heat input method 
was used to model the moving laser beam, which is modelled as a moving 
heat flux which traverses step wise in the scanning direction, changing its 
spatial position in small time steps. Each beam area on the substrate surface 
is subjected to a heat load for a time period equal to the interaction time 
dictated by the processing speed and the duty cycle. As a rectangular beam 
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shape was used to replicate the laser output. Based on the experimentally 
determined height of the clad, a clad geometry was generated on top of the 
substrate. 
Owing to the potential difficulty in formulating a model for the LDMD 
process, particularly if all the processing parameters are to be taken into 
account, the following assumptions were made to simplify the analysis. 
a) Mass transfer, fluid flow and phase transformation are uncoupled 
from the analysis by assuming that the residual stress generation in 
laser direct metal deposition process is primarily a thermal driven 
process [151, 255, 256]. This assumption reduces the model to a heat 
transfer and structural problem. 
b) Powder particles do not become molten until they are injected into the 
molten pool in the deposition region; an assumption used previously 
by various authors [257, 258] 
c) The work piece is initially at 293K. Both the work piece and the 
coordinate system are fixed and the laser beam moves in the negative 
z-direction with a constant velocity, of 4 mm/sec, as shown in Figure 
6.1. 
d) Heat losses due to radiation are assumed insignificant since high 
temperatures occur only for very short time periods [259]. 
e) Heat losses from melt pool due to convection are ignored. 
With the above assumptions, a sequential thermo-mechanical analysis was 
carried out.  Transient temperature distribution results from the thermal 
analysis were applied as the body loads to the structural or mechanical 
model.  
Owing to the phenomena of melting and solidification, which are associated 
with the laser deposition process, solutions to modelling simulation 
problems with the process are often path dependent and thus require the use 
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of temperature-dependent material properties in their analysis. In that 
respect, the specific temperature dependent thermal and mechanical 
properties (see Table 4.2 and Table 4.3) are used in the analysis.  
6.2.1 Thermal Analysis 
 
Using the commercial software package, ANSYS 11.0, the simulation 
considered a transient thermal analysis on a 3D model of the geometry 
shown in Fig. 6.1. The geometry is a representation of the physical mapping 
of the clad and substrate assembly under investigation, which represents the 
individual experimental sample. Simulation has been carried out for each 
individual experimental run as defined in Chapter 5 Table 5.2. A 3D thermal 
model was developed using a top hat (approximately uniform) power 
distribution heat source and three dimensional ‘Solid70’ element. The clad 
region, where fusion takes place and temperature gradients are expected to 
be most severe, was assigned the finest mesh and regions remote from the 
clad were assigned a relatively coarse mesh. Simulation of the heat source, 
from the moving laser beam was achieved using the ANSYS Parametric 
Design Language (APDL) (see Appendix A). This was such that along the 
beam’s path of scanning the heat source is moved from each surface area 
element (within its size of 2.5 x 3.5 mm2) to the next at a scanning speed of 4 
mm/s.  
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Figure 6.1: Three dimensional FE mesh for the substrate and clad 
 
A FE solution for a transient thermal problem is obtained by solving 
numerically the 3D heat conduction equation [260]: 
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                (6.1) 
Where T is the temperature field variable,  is time, x, y and z are the spatial            
coordinates; ( is thermal conductivity,  is density, pC is the specific heat 
and q′  is the initial laser power. Some of the initial laser power q′ is reflected 
from powder in the powder stream, absorbed by lost powder and reflected 
from the surface; β  represents the proportion actually transferred to the 
substrate. Numerically the value of β  was taken as 0.45. this value was 
reported for the same laser setup by Pinkerton and Li [261]. 
The initial conditions are: 
   GH, J, K, 0 
 M             (6.2) 
   GH, J, K,∞ 
 M             (6.3) 
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Where MGO is the ambient temperature. The convection boundary 
conditions can be considered as: 
 
 OGP. A|Ω 
 STUG T M ] |Ω          if Ω V  Λ           (6.4) 
 
Where A is the normal vector of the surface, U is the heat convection 
coefficient (Wm-2K-1), Λ is the area of the laser beam on the substrate (m2) and 
Ω is the substrate surface area (m2). 
Thermal boundary conditions were such that all the surfaces exposed to the 
environment were assumed to be under heat losses by free convection which 
follow Newton’s cooling law with a heat transfer coefficient, U= 20 Wm-2K-1 
to ambient air. 
The effect of the moving laser beam can also be considered as a surface heat 
source with the boundary conditions as follows: 
 OGP. A|Ω 
 β SXGH, J, K, , STUG T M )] |Ω         if Ω Y  Λ              (6.5) 
 
Where  X (Wm-2) is the laser energy distribution on the work piece,  (ms-1) is 
the velocity of the substrate. 
The heat input from the laser beam was set such that a constant specific 
energy Z= 17.14 Jmm-2 was maintained. Whereas: 
    Z 

[
\
              (6.6) 
Where  and d] are substrate traverse speed and laser beam spot size 
(diameter) respectively. 
Numerical modelling of the powder deposition process involves the element 
birth and death technique [262]. This technique enables successive discrete 
addition of new elements to the computational domain. Element birth and 
death technique was implemented such that before the start of the 
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simulation, the part of the structure that has not been laid as yet (i.e. clad) is 
included in the initial computational domain. However, these elements are 
made passive or killed by assigning them with material properties so that 
they do not affect the rest of the model. These dead elements remain inactive 
until they are active or made alive at the proper time step and temperature.  
6.2.2 Structural analysis 
 
In a sequentially coupled analysis, the mechanical fields are analyzed 
following from the already known temperature fields. Extreme ranges of 
temperatures, high temperature gradients, and a large variation in the 
temperature rates, all affect the mechanical behaviour. In processes 
incorporating phase transformation, such as LDMD and laser welding, the 
change of material structure is affected by phase transformations. Although 
uni-axial tensile data is available for a large variety of alloys tested over a 
wide range of temperatures under steady conditions, there is little 
information on the effect of thermal transients and thermal gradients on the 
mechanical response, especially for the combination of alloys used in this 
study. The traditional decomposition of the mechanical response into 
uncoupled thermal and mechanical components is a first approximation at 
best.  
The structural model considered for the deposition process employed the 
same geometry as the thermal model. A Solid 185 element with large 
deflection capabilities was used. The mesh size and time step scheme for 
structural analysis was similar to that used for thermal analysis. 
The method of element birth and death used in the structural analysis was 
similar to the thermal analysis. At the start of the analysis, all the clad 
elements were ‘killed’ and these were reactivated or made ‘alive’ on reaching 
the melting temperature. APDL for the structural modelling used during the 
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simulation is shown in Appendix B. Creep effects were neglected since the 
time spent by the scanned material at high temperature was very short.  
During the deposition process, the thermal cycles experienced by the 
material will give rise to thermal expansion and contraction. Since the 
thermal history varies from point to point in the work piece, the thermal 
expansion gradient will originate thermal stresses in the material. In fact, the 
clad and substrate materials have different coefficients of thermal expansion 
(CTE) and the substrate un-deformed state is defined at room temperature, 
whereas the clad comes in contact with the substrate as it solidifies, thus at 
the clad melting temperature. If the stress state brings a certain material 
point above the yield strength, plastic strain develops.  
The total strains can be mathematically broken down into following major 
components as [262]: 
 
{ } { } { } { }thplel εεεε ++=              (6.7) 
 
Where { }ε is total strain vector,{ }elε  is elastic strain vector, { }plε is plastic 
strain vector and { }thε is thermal strain vector. 
The mechanical analysis was performed using formulation with kinematic 
hardening rule and Von Mises yield criterion. No external loading is 
considered, and constraints are applied on the sides of the substrate so as to 
prevent rigid body motion, where condition ux= uy = uz= 0 was prescribed as 
shown in Figure 6.2. 
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Figure 6.2: FE model with the constraints and coordinate system 
 
6.3 Finite Element Simulation Results and 
Experimental validation 
6.3.1 Temperature Results 
 
A global coordinate system for the model, as shown earlier in Figure 6.1, has 
x-axis representing the transverse direction, z-axis the laser traverse direction 
and y-axis the depth. The temperature variation with time in the melt pool 
was obtained through the model.  
During the deposition process, Inconel 718 is progressively evolving and the 
whole process along with the temperature profiles are shown in Figure 6.3. 
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(a)      (b) 
 
(c)      (d) 
Figure 6.3:( a-d) Clad evolution and temperature distribution during FEM 
 
A comparison of the finite element results for all the samples showed close 
agreement with the experimental results shown in chapter 5. Figure 6.4 
shows the simulated results with those measured for sample 3 (Chapter 5, 
Table 5.2).  
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Figure 6.4: Temperature vs. Time-comparison of simulation results with 
experiments (sample 3) at the melt pool using CW 
 
6.3.2 Residual Stress Results 
 
6.3.2.1 Residual Stress calculation in the clad 
 
Comparison of the finite element modelling results with the experimental 
measurement has been shown in Figures 6.5-6.7.  Residual stress 
distributions of normal and longitudinal stresses are taken in the middle of 
the clad and along the track length of the deposited clad for sample 1, 2 and 
3 (Chapter 5, Table 5.2). The corresponding data points from the 
experimental measurement presented in Chapter 5 are superimposed in the 
plot. Finite element model results are in a fairly good agreement with the 
experimental results. The normal stress component, ‘σyy’ is compressive in 
the interior of the wall along the z-direction, while tensile stresses are 
observed at the edges of the clad. From the simulation, a maximum ‘σyy’ 
value of 69.474 MPa at the start of clad and 38.644 MPa at the end of the clad 
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is obtained in sample 1. The stress component, ‘σzz’ is tensile and its 
maximum value in 0.4DC pulsed wave deposition is 349.94 MPa. 
 
Figure 6.5: Stress distribution along the clad with 0.4 DC Pulsed Wave deposition 
(Sample 1) 
 
Figures 6.6 and 6.7 give a comparison of experimental and numerical results 
for the residual stresses in samples 2 and 3. Maximum tensile stress ‘σyy’ 
values of, 96 and 134 MPa are obtained for 0.7DC pulsed and CW deposited 
samples at the start of the clad. Whereas, normal tensile stresses of 78 and 
109 MPa magnitude for 0.7DC and continuous wave deposition are observed 
at the cladding finish end. Qualitatively, the trend of normal stress ‘σyy’ and 
longitudinal stress ‘σzz’ in the 0.7DC pulsed laser deposition and continuous 
wave laser deposition processes is similar. However, the values of 
longitudinal stress ‘σzz’ and normal stress ‘σyy’ in continuous wave 
deposition process are comparatively higher than the 0.4DC and 0.7DC 
deposition process.  
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Figure 6.6: Stress distribution along the clad with 0.7 DC Pulsed Wave deposition 
(Sample 2) 
 
 
Figure 6.7: Stress distribution along the clad with Continuous Wave deposition 
(Sample 3) 
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6.3.2.2 Residual Stresses at the interface of clad and substrate 
 
As shown in Figure 6.8, it was observed that cracks initiated at the start of 
the deposited track and at the interface between the clad and substrate in the 
medium and high powder flow rate deposition processes. Cracks extended 
to approximately mid length of the whole track. In order to fully understand 
the effect of residual stresses on the crack initiation and propagation, 
residual stresses at the interface for each all duty cycle are calculated.  
 
Figure 6.8: Observed cracks in the samples during experiments 
 
6.3.3 0.4 DC Pulsed wave deposition results at the interface 
 
Figure 6.9 shows the variation of longitudinal and normal stress components 
at the interface for 0.4DC Pulsed wave deposition at different powder mass 
flow rates. 
At the interface of the clad and substrate, an approximate parabolic 
distribution of tensile stress is observed in the y-direction (normal) at the 
edges, while stresses in the z-direction (longitudinal) appear to be at 
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maximum at the mid length of the clad and then decreases towards the 
edges. With the increase in powder flow rate, an increase in the normal and 
longitudinal stresses is observed. Maximum normal tensile stress ‘σyy’ values 
of 170.58, 185.95 and 191.41 MPa are obtained at the starting edge of the clad 
for low, medium and high powder flow rate deposition respectively. 
Similarly, stress ‘σyy’ values of 145, 170.34 and 179.25 MPa are obtained at the 
finishing edge of the clad for low, medium and high powder flow rate 
deposition respectively. 
Whereas, maximum longitudinal stress ‘σzz’ values of  251.33, 311.88 and 
316.34 MPa are obtained at the approximately midlength of the clad for low, 
medium and high powder flow rate deposition respectively. 
.
 
Figure 6.9: 0.4DC Pulsed wave laser deposition results at the interface 
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6.3.4 0.7 DC pulsed wave deposition results at the interface 
 
Variation of longitudinal and normal stress components at the interface for 
0.7DC Pulsed wave deposition at different powder mass flow rates is shown 
in Figure 6.10. Similar to 0.4DC pulsed wave deposition, an approximate 
parabolic distribution of tensile stress is observed in the y-direction (normal) 
at the edges, while stresses in the z-direction (longitudinal) appear to be at 
maximum at the mid length of the clad and then decreases towards the 
edges. Increase in powder flow rate, seems to raise the normal and 
longitudinal stress values. Maximum normal tensile stress ‘σyy’ values of 
170.42, 184.77 and 193.35 MPa are obtained at the starting edge of the clad for 
low, medium and high powder flow rate deposition respectively. Similarly, 
stress ‘σyy’ values of 158.24, 170.86 and 185.85 MPa are obtained at the 
finishing edge of the clad for low, medium and high powder flow rate 
deposition respectively. 
Whereas, maximum longitudinal stress ‘σzz’ values of  251.57, 311.91 and 
317.67 MPa are obtained at the approximately midlength of the clad for low, 
medium and high powder flow rate deposition respectively. 
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Figure 6.10: 0.7DC Pulsed wave laser deposition results at the interface 
 
6.3.5 Continuous wave deposition results at the interface 
 
Residual stress distributions at the interface comparing continuous wave 
deposition at different powder flow rates are plotted in Figure 6.11. It can be 
seen that similar to the 0.4DC and 0.7DC pulsed wave deposition, the 
residual stress in the vertical direction (y), is compressive at the mid-length 
along the clad and tensile at the edges. From the Figure 6.11, it can be seen 
that increase in powder flow rate results in the increase of the normal and 
longitudinal stress values. Maximum normal tensile stress ‘σyy’ values of 
170.99, 186.67 and 195.25 MPa are obtained at the starting edge of the clad for 
low, medium and high powder flow rate deposition respectively. Similarly, 
stress ‘σyy’ values of 161.15, 176.65 and 187.84 MPa are obtained at the 
finishing edge of the clad for low, medium and high powder flow rate 
deposition respectively. 
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Whereas, maximum longitudinal stress ‘σzz’ values of  252.68, 312.5 and 
320.21 MPa are obtained at the approximately midlength of the clad for low, 
medium and high powder flow rate deposition respectively. 
 
 
Figure 6.11: Continuous wave laser deposition results at the interface 
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6.4 Discussion 
 
The aim of the finite element modelling presented in this chapter is to assess 
the influence of residual stresses developed during the deposition of Inconel 
718 powder on Ti-6Al-4V substrate.  
In all cases, in the middle of the deposited clad models show that the 
longitudinal stresses are tensile towards the mid-length of the clad which 
decreases to almost zero at the edges of the clad, while the stresses 
perpendicular to the substrate are tensile towards the end and compressive at 
the centre. Whereas, at the clad-substrate interface, tests on deposited samples 
show that the stresses along the direction of deposition remain tensile along 
the length of the clad, while the stresses perpendicular to the substrate are 
compressive at the centre and tensile towards the ends 
With the distribution of the normal and longitudinal direction stresses 
qualitatively being similar, the amount of residual stress generation in 
continuous wave deposition seems to be higher as compared to 0.4DC and 
0.7DC pulsed wave deposition parameters. Pinkerton and Li [263] have 
reported lower cooling rates for shorter pulse lengths. Therefore, the 
structures produced with long pulse lengths or increased duty cycle will have 
cooled faster. Consequently, high residual stresses are observed in continuous 
wave deposition (duty cycle=1) as compared to the other duty cycle pulse 
length samples.  
Modelling results are dominantly tensile along the z direction. This kind of 
behaviour could be explained in terms of thermal shrinkage arising from 
localised thermal contraction as melt pool cools down. This contraction would 
also set up a bending moment in the substrate. This will induce tensile stress 
at the edges and a balancing compressive stress in the inner portions of the 
sample. 
Chapter 6:  Finite Element Analysis of Dissimilar Material Deposition and Stress Formation 
143 
 
An increase in the powder flow rate results in an increase in the size of the 
area which is being subjected to high tensile stresses at the edges. From the 
results in previous chapter, it can be suggested that the intermetallic 
compounds form first, mostly close to the substrate where their main 
contributing element comes up through the Ti-Ni mixture. This has been 
confirmed by the XRD analysis, where brittle intermetallics like Ti2Ni, TiNi3 
were found at the interface. This also means that the formation of 
intermetallics mostly increases the brittleness of the interface rather than that 
of the whole clad section, thereby weakening the metallurgical bonding 
between the substrate and clad.  
Thus, results suggest that the combined effect of increased clad thickness 
along with the brittle intermetallics increase the susceptibility of the clad to 
peel off from the substrate.  
6.5 Conclusions 
 
An  investigation has been carried out to understand and analyze the effects 
of powder mass flow rate and duty cycle of the laser beam on direct laser 
deposition of Inconel 718 on Ti-6Al-4V. A commercial FE package ANSYS 
was used to predict the stress distribution in the clad and at the interface. It 
has been established that the thickness of clad plays an important role in 
cracking and/or debonding. Increasing laser pulse length and duty cycle has 
been found to increase the residual stress and size of the region of maximum 
stress for z-direction tensile stresses. The effect of high powder flow rate 
results in high normal tensile stresses at the edges of the clad especially, at the 
starting edge. The combined effect of intermetallics and the higher stresses 
due to high powder flow rate will increase the susceptibility of the clad to 
debond from the substrate. It can be concluded that in order to successfully 
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deposit multiple tracks of Inconel 718 on Ti-6Al-4V, powder mass flow rate 
should be kept to a low value. 
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Chapter 7. Melt pool Stability During 
Deposition of Inconel 718 on Ti-6Al-4V  
 
7.1 Introduction 
 
In this chapter, LDMD of Inconel 718 and Ti-6Al-4V has been further 
investigated in terms of melt pool stability and final deposit characteristics. 
Despite considerable advances in laser direct metal deposition (LDMD) 
process optimisation, there is rather limited work reported on the effects of 
melt pool variables on the final deposit characteristics. This chapter considers 
the effects of process parameters and melt-pool characteristics on the 
deposition of Inconel 718 powder on a Ti-6Al-4V thin wall. A 1.5 kW diode 
laser and LDMD system is used to produce a series of deposits. Images of the 
process are captured using Cu-vapor laser illumination and a high speed 
camera with long range microscopy optics and quantitative results are 
extracted via image analysis. Process parameters such as carrier gas flow rate, 
powder mass flow rate and laser operating mode (CW and pulsed) and in 
process variables such as quantified melt pool disturbance, and final part 
characteristics are correlated and discussed. Scanning electron microscopy 
(SEM), electron backscatter diffraction (EBSD) and energy dispersive X-ray 
spectroscopy (EDS) are used to analyse deposited clads in terms of elemental 
composition and flow characteristics in the deposition melt pool. Melt pool 
disturbance is found to be a vital parameter in determining the surface 
roughness of the final part. An inverse relation between the mean surface 
disturbance of the melt pool and the surface roughness of the part is observed 
and carrier gas flow rate and powder mass flow rate both affect the overall 
melt pool size. The work has implications for the selection of process 
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parameters for commercial laser deposition processes – the speed with which 
powder is delivered to the melt pool as well as the mass flow rate may need 
to be taken into account when calculating build rate and for a good surface 
finish requiring minimum post process finishing a stable melt pool may 
actually be the worst situation. 
7.2 Previous Work 
 
Laser direct metal deposition being a very complex process involves a large 
number of parameters that can affect the final characteristics of the deposited 
part. These final characteristics include deposition dimension, microstructure, 
mechanical properties and the surface roughness [264]. Control of these 
properties requires good understanding of the relationship between the 
independent process variables (such as laser power, beam parameters, 
transverse speed, powder feeding rate, and shielding gas speed) and deposit 
properties such as geometry, microstructure and phases. 
Accuracy and surface finish are one of the major issues for parts fabricated via 
laser direct metal deposition [265]. In LDMD there are two main process 
variables; energy input and mass input. These two can be controlled by the 
combination of laser power, traverse velocity and powder feed rate. Resch et 
al [102] investigated layer cross section and surface roughness as a function of 
processing speed in a blown powder process involving continuous wave laser 
deposition. But in their study, they did not consider the effects of the velocity 
of the blown powder on the final part or make a comparison between 
continuous and pulsed wave deposition. 
The effect of absorptivity of metal powder under long and short time 
irradiation in laser cladding was reported by  Kizaki et al [266]. The effects of 
various process parameters such as powder injection point, laser power, 
scanning velocity, spot size and quality of the clad were investigated by Li et 
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al [161]. They concluded that high quality clad surfaces can be achieved 
through having both narrow powder stream and high enough laser power to 
form a stable melt pool.  
There has been much emphasis on the control of power and traverse velocity 
of substrate/ laser head in order to control the dimensional accuracy of the 
deposited tracks. Hua and Choi [267] employed a closed loop real time optical 
height control system to effectively control the power of the laser beam to 
reduce surface roughness and dimensional accuracy. In their work, feedback 
control had little effect on the surface roughness of the parts. Mazumder et al 
[28] employed a three sensors system to reduce the surface roughness of the 
fabricated parts. Liu and Li [268] used an in-time motion strategy to improve 
the dimensional accuracy and surface finish in the laser cladding process. 
They did not consider the effect of laser pulsing or carrier gas flow rate in 
their work. 
There have been number of reports published on the CW and pulsed wave 
laser deposition processes [269-273] but there has been a very few on 
comparison between the two. In such a piece of work by Sun et al [274, 275] 
the comparison between pulsed and continuous wave laser deposition was 
based  mainly on fixed powder mass flow rates and average laser power. 
Pinkerton and Li [263, 272] correlated the pulse width, frequency and the 
surface roughness of the samples. However, the work did not provide 
conclusive evidence of the effect of laser pulses on the surface roughness of 
the deposited part. There has been no comparative study of pulse and CW 
laser deposition that considers the effect of powder mass flow rate and 
powder carrying gas flow rates. 
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7.3 Experimental procedure 
 
A series of experiments was performed, using various combinations of 
parameters to deposit Inconel 718 powder on a Ti-6Al-4V wall. A 1.5 kW 
Laserline LDL 160-1500 diode laser, operated in both continuous and pulsed 
modes was used. In the pulsed mode the output was approximately a square 
wave defined by the period and pulse length (Chapter 5, Figure 5.2).  
The beam profile was measured using a Prometec Laserscope UFF100 rotating 
hollow needle type diagnostic equipment. The beam intensity distribution in 
the focal plane was found to be top-hat in shape with a beam diameter of 1.59 
mm. The substrates were 50 ×30 × 10 mm3 blocks of Ti-6Al-4V, sandblasted in a 
Guyson sand blaster and then degreased using ethanol. The work piece was 
tightly clamped and then mounted on a 3 axis CNC motion system. 
The build materials were Ti-6Al-4V (5.5-6.75% Al, 3.5-4.5% V, 0.4 % Fe, 0.2% 
O, and balance Ti) and Inconel718 (50-55% Ni, 17.2-21.0% Cr, 18.5% Fe, 3% 
Mo, 5.1% Nb and 0.20-0.80%Al). The powders were both gas atomised, giving 
particles with approximately spherical morphology  and  size distribution of 
53 – 150 μm. A FST PF-2/2 disk type powder feeder manufactured by Flame 
Spray Technologies Ltd was used in the experiments. An in-house built 
coaxial powder delivery nozzle, fixed vertically above the motion system, was 
used to deliver the powder. The deposition area was shrouded by an Argon 
gas flow from the nozzle. The gas pressure for all experiments was set to 5 
bars with flow-rates between 0.067-0.134 l/m. A constant deposition scanning 
velocity of 5 mm/s was maintained during the deposition of all the samples. 
The length of each of the deposited layers was kept at 40 mm.  Parameters 
used in the experiment are shown in Table 7.1. 
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Table.7.1: Experimental Parameters used during the experiment 
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1 600 - - 1 0.179 0.067 
2 600 - - 1 0.358 0.067 
3 600 - - 1 0.537 0.067 
4 600 - - 1 0.179 0.134 
5 600 - - 1 0.358 0.134 
6 600 - - 1 0.537 0.134 
7 1500 20 50 0.4 0.179 0.134 
8 1500 20 50 0.4 0.358 0.134 
9 1500 20 50 0.4 0.537 0.134 
10 1500 20 50 0.4 0.179 0.067 
11 1500 20 50 0.4 0.358 0.067 
12 1500 20 50 0.4 0.537 0.067 
A Mean power = 600 W in all cases  
B Duty cycle = pulse length / period  
 
Firstly, 8 mm high Ti-6Al-4V walls were initially built on a Ti-6Al-4V 
substrate. On top of each wall, Inconel 718 layers were then deposited as 
shown in Figure 7.1. Deposition of Inconel 718 on top of Ti-6Al-4V was 
captured at 10,000 frames per second (fps) as AVI format data by a Photron 
Ultima APX high speed camera. Illumination of the melt pool was provided 
by an Oxford Lasers copper vapor laser providing 511 and 578 nm 
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wavelength light. A narrow band filter in front of the camera was used to 
block all other wavelengths and the camera and the copper vapor laser were 
synchronized for maximum illumination during the process. A schematic of 
the experimental setup is shown in Figure 7.2. The recorded AVI files were 
analyzed using a purpose written routine in MATLAB to extract quantitative 
data on the surface disturbance of the melt pool. 
 
Figure.7.1: Ti-6Al-4V and Inconel 718 wall 
 
 
Figure.7.2: Schematic of the experimental setup 
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Five frames at 0.1sec intervals were first extracted in bitmap format from each 
of the motion pictures taken by the high speed camera.  Each frame of the 
melt pool was closely cropped to select the area of interest and eliminate 
redundant noise in the image. These images were then converted to grayscale 
and underwent histogram equalization to increase the contrast. The aim was 
to allow the surface of the pool to be clearly discriminated from the rest of the 
image. The next step was edge detection of the melt pool. Edges were 
detected using the Canny method [276] which finds the edges in the image by 
looking for the local maxima of the image gradient. The gradient was 
calculated using the derivative of the Gaussian filter; this method uses 
thresholds to detect strong and weak edges. Weak edges are included only 
when they are connected to the strong edges. The advantage of using this 
technique is its robustness against noise [276].  After edge detection, the next 
step was to find the longest line segment, which corresponds to the surface of 
the metal pool in the images. To avoid discontinuities due to salt-n-pepper 
noise, it was necessary to dilate the image. The Standard Hough Transform 
[277] was then used to extract the line segments. A straight line was then 
fitted to the longest line segment, starting and finishing at the limits of the 
pool (as if the surface had zero disturbance). Total melt pool disturbance was 
calculated by measuring the white pixels nearest to this line segment. All 
pixels related to the melt pool surface above or below the straight line were 
assumed to be the disturbance created by the injected powder. The system 
was initially calibrated to obtain the relation between dimensions within the 
image and number of pixels so the length of the pool and melt pool 
disturbance could be translated to SI units. MATLAB code for the whole 
procedure is shown in Appendix C. A flow chart illustrating the above 
procedure is shown in Figure 7.3 (a-f). After the image analysis on each of the 
five frames, the average surface disturbance in the melt pool over time was 
calculated.  
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a: Original Image of the melt pool 
 
b: Grey scale image 
 
c: Image with increased contrast using histogram equalization 
 
d: Melt pool extraction using thresholding 
 
e: Edge detection 
 
f: Disturbance calculation (red) with reference to the pool surface along with longest line 
segment (green) 
Figure.7.3: (a-f): Flow chart of image analysis done on the melt pool 
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Surface roughness of the final samples was measured parallel to the 
deposition direction, on the top surface of the deposited wall. These were 
measured by an in-house laser based scanning/profiling system with a 
resolution of 1μm. Scanning electron microscopy and electron backscatter 
diffraction (EBSD) analysis were performed on the top surface of each sample. 
The samples were then cross-sectioned across the deposit, polished to 1μm 
finish, and separately etched using Kroll’s reagent for Ti-6Al-4V and 10% 
oxalic acid solution for electrolytic etching using 6V DC for the Inconel 718 
part of the wall. Energy dispersive x-ray spectroscopy (EDX) analysis was 
performed for investigation of elemental distribution in the samples. 
7.4 Results 
 
The mean melt pool surface disturbances with the laser in both continuous 
wave and pulsed wave mode are shown in the Figure 7.4. This clearly shows 
a positive relationship between mass flow rate and mean surface disturbance. 
However, the magnitude of mean surface disturbance in the case of pulsed 
deposition is higher than continuous wave deposition. Values of the mean 
surface disturbance in the case of high carrier gas flow rate are almost double 
the values obtained in the case of low carrier gas flow rate for both modes of 
laser operation. 
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Figure.7.4: Mass flow rate vs. Mean surface disturbance 
 
The overall roughness of the top surface depends partly on the partially 
assimilated powder particles. These partially assimilated powder particles on 
the top surface of the wall are shown in Figure 7.5.  
 
Figure 7.5: Partially assimilated powder particles on top surface of the sample 
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Figure 7.6 shows the mean surface roughness of the samples produced by the 
continuous and pulsed wave deposition. This graph demonstrates that in both 
cases mean surface roughness decreases with an increase in powder flow rate 
for both continuous and pulsed wave deposition. The mean surface 
roughness is higher with a low velocity of carrier gas flow than with a high 
velocity of carrier gas flow. Overall, lower mean surface roughness is 
produced by pulsed wave mode deposition. The differences in surface 
roughness caused by carrier gas flow are smaller in pulsed wave deposition 
than continuous mode deposition. 
 
Figure.7.6: Mass flow rate vs. mean surface roughness 
 
Figure 7.7 depicts the effect of powder mass flow rate on the length of the 
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continuous wave deposition. The pool is longer with the low carrier gas flow 
rate than with the high carrier gas flow rate. This trend is observed during 
both continuous and pulsed wave deposition. At the same parameters, the 
mean pool length is longer during pulsed wave deposition than continuous 
wave deposition.  
 
 
Figure.7.7: Mass flow rate vs. Length of the melt pool 
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Figure.7.8: Mass flow rate vs. Depth of the melt pool 
 
Figure 7.9 shows the melt pool area variation during both continuous and 
pulsed wave deposition. It can be seen that in continuous wave deposition the 
area of the melt pool produced with a high carrier gas flow rate is larger than 
the area produced with a low gas flow rate. The area of the melt pool 
increases with increasing powder mass flow rate during the deposition 
process. The same is true of deposition in pulsed wave mode. Figure 7.9 
illustrates melt pool area increases with increasing powder mass flow rate 
under conditions of high and low velocity of carrier gas. It is also noted that 
the melt pool area during pulsed wave deposition is higher than the melt area 
during the continuous wave deposition. This trend is observed under both 
low and high carrier flow rate conditions. 
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Figure.7.9: Mass flow rate vs. Area of the melt pool 
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7.5 Discussion 
 
7.5.1 Melt pool surface disturbance 
 
Surface disturbance in the melt pool and deviation from ideal quasi-stationary 
conditions can be caused by a variety of factors like Marangoni convection, 
powder flow impinging on the melt pool surface, turbulence in powder 
conveyance and shielding gases, and variable input power when the laser is 
in pulsed mode.  
Experimental results suggest that the surface disturbance produced during 
the continuous and pulsed wave deposition plays an important role in 
determining the surface roughness of the final part. The mean surface 
disturbance obtained during pulsed deposition is high compared to that 
during continuous wave deposition which effectively decreases the mean 
surface roughness of the final part. This is not the intuitive effect but, a higher 
surface disturbance of the melt pool may effectively enhance mixing and 
melting of the powder particles in the melt pool, preventing partially 
assimilated particles which are a common cause of increased roughness in 
LDMD. In addition the melt pool during the pulsed deposition periodically 
experiences high temperature as compared to the continuous wave deposition 
[275], so it is possible that the surface is also partially remelted, removing 
powder particles that have stuck there. 
Another important parameter that influences surface roughness of the parts is 
the carrier gas flow rate. It is noted that a high velocity of carrier gas flow 
causes increased surface agitation/ disturbance at the melt pool surface and 
decreased surface roughness. Increased surface disturbance this time assisted 
by the speed of incoming particles at high flow rates may again increase 
assimilation reducing surface roughness by reduction of partially assimilated 
particles. 
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7.5.2 Melt pool size 
 
Creation of the melt pool during the laser cladding is due to melting of the 
substrate and the powder impinging on and being assimilated into the melt 
pool. The negative correlation between powder mass flow and melt pool 
depth can be explained by the thermodynamics of the melt pool. With an 
increase in powder mass flow rate, the amount of heat absorbed by the 
substrate is decreased due to the shadowing effect of the powder and the 
energy required assimilating it to the melt pool. This causes the decrease in 
depth of the melt pool inside the substrate.  
The increase in the length of the melt pool with powder mass flow rate can be 
attributed to the higher amount of melted powder. With the increase in 
powder mass flow, more powder is available to be melted, therefore 
increasing the length of the melt pool, provided that the process is in the mass 
limited parameter range [278] and laser power is sufficient to melt more 
powder [279]. 
The area of the melt pool is of course dependent on the combination of melt 
pool length and depth. The combined effect is for the melt pool area to 
increase with increasing powder flow rate, indicating that the increase in melt 
length is numerically more significant than the reduction in depth. This is not 
surprising – energy is used more efficiently in melting powder than it is in 
melting the substrate where conduction losses are significant. At higher 
powder mass flow, a greater proportion of energy reaching the substrate is 
conveyed as heated particles rather than the incident laser flux. This increase 
in the melt pool area is higher in magnitude in case of pulsed wave deposition 
as compared to the continuous wave deposition. This can be attributed to the 
above effect being very marked at the high peak power observed during the 
pulsed deposition process.  
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The effect of carrier gas flow rate on melt pool depth suggests that an increase 
in carrier gas flow rate increases the speed of powder hitting the melt pool 
which leads to a deeper but shorter melt pool. This increase in depth of the 
pool is numerically less significant than the reduction in length of the pool.  
This can be attributed to the change in powder flow characteristics and 
ricocheting powder. 
The Marangoni flow in the pool is proportional to the square of the melt pool 
size and has significant implication for overall melt pool shape [280]. The 
increase in melt pool size in the case of pulsed wave deposition suggests more 
vigorous Marangoni flow. This increase will not only ensure good mixing of 
elements within the melt pool, but may also contribute to the increased 
agitation at the surface of the melt pool. EDX of the sample shows higher 
dilution and a greater proportion of Ti-6Al-4V elements in the melt pool in 
the case of pulsed deposition (Figure 7.10b). In both samples there is an even 
distribution of Ti throughout the pool, suggesting vigorous Marangoni flow 
driven mixing. 
 
7.6 Conclusions 
 
An image analysis technique has been developed to measure the surface 
disturbance and the melt pool cross section size during laser direct metal 
deposition. Pulsed and continuous beam mode deposition of Inconel 718 on a 
Ti-6Al-4V thin wall with a range of powder mass flow rates and carrier gas 
flow rates has been tested. 
Results showed that increased powder flow rate, increased carrier gas flow 
rate and using the laser in pulsed mode all increase the mean surface 
disturbance of the pool and affect the mean area of the melt pool. Inverse 
relations between the surface disturbance of the melt pool and the surface 
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roughness of the part were obtained. It is suggested that increased melt pool 
disturbance can reduce the presence of partially assimilated surface particles 
and thus actually have a beneficial effect for the process. Under tested 
conditions the overall melt pool area increased with the increase in powder 
flow rate; the carrier gas flow rates also seemed to play important roles in 
determining the melt pool size. Increase in gas flow rate lead to a small and 
shorter pool, possibly due to changes in powder stream characteristics or 
ricocheting powder. 
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Chapter 8. Parametric Study of 
Development of Ni-Steel Functionally 
Graded Materials by Direct Laser Metal 
Deposition 
 
8.1 Introduction 
 
The concept of Functionally Graded Materials (FGMs) was proposed in 1984 
by material scientists in the Sendai area in Japan as a means of preparing 
thermal barrier materials [221]. FGMs are a class of advanced materials of 
which the composition and microstructure change gradually from one side to 
the other, resulting in a corresponding variation in the properties [222]. The 
materials can be designed for specific function and applications. Moreover, a 
graded change in material allows a reduction of stress concentrations 
appearing near a sharp interface between two different phases. Today, the 
FGM concept extends over a variety of materials fields all across the world. 
FGMs have found their place in various fields like bio-medical, automotive 
and aerospace, electronics, optics, and nuclear applications, reactor 
components and energy conversion [281, 282]. 
Nickel and steel alloys are widely used in power and nuclear industries. It is 
known that austenitic welds are resistant to hot cracking, stress and severe 
impacts during service conditions [283, 284]. While Inconel 718 alloy is 
appropriate in applications where high temperatures are observed and the 
atmosphere is highly carburising and oxidising [285, 286]. These unique 
properties of nickel and stainless steel alloys present its application in oil 
refineries where such conditions exist. But, these two alloys are often joined 
together by fusion welding that result in weak resistance to solidification 
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cracking [287]. To overcome this problem of cracking, functionally grading of 
Nickel-Steel alloy represents a viable solution. 
This chapter, reports an investigation on the development of continuously 
graded Stainless Steel 316L and Inconel 718 thin wall structure made by direct 
laser metal deposition process. Various laser power levels and powder mass 
flow rates of SS316L and Inconel 718 during the deposition of Nickel-Steel 
graded structure have been investigated. Microstructure characterization and 
phase identification are performed by optical microscopy and X-ray 
diffraction technique. XRD results show the presence of the NbC and Fe2Nb 
phases formed during the deposition of Stainless steel 316L- Inconel 718 
graded structure. Mechanical testing such as hardness, wear resistance and 
tensile testing has been carried out on the graded structures. The effect of 
experimental parameters on the microstructure, hardness and wear resistance 
are correlated and discussed. 
8.2 Previous Work 
 
There are several techniques such as die compaction [288-290], plasma 
spraying [291], slip casting [292] and powder metallurgy [293] which are 
currently used for producing FGMs. Die compaction and plasma spraying are 
generally applied for fabrication of functionally graded coatings and the FGM 
coatings made by plasma spraying are not fully dense. Although powder 
metallurgy can be utilized for producing bulk FGMs, the shapes and sizes are 
usually limited because of the use of dies for pressure-aided densification. 
The LDMD process is able to fabricate complex prototypes in near-net shape, 
leading to time and machining cost savings. A variety of metals and alloys 
have been deposited by the process, such as H13 materials like steel [294], 
WC-Co [295], and Stellite. 
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The application of laser cladding process to manufacture metal-ceramic FGM 
was first accomplished by Jasim et al [296]. Later on various researchers have 
applied this concept to build a range of FGMs for various applications. Pei 
and De Hosson [223] produced AlSi40 FGM using a Nd:YAG laser where as 
Thivillon et al [297] analysed the fabrication of Co based Stellite 6 and Nickel 
super alloy Inconel 625 by the laser deposition technique. Ouyang, Mei 
and Kovacevic [298] developed a WC-(NiSiB alloy) ceramet/tool steel FGM by 
laser cladding technique for high-temperature tribological applications. Lin et 
al [299] investigated the solidification behaviour and the morphological 
evolution during the compositional gradient of stainless steel to Rene88DT.  
8.3 Experimental procedure 
 
The Laserline LDL 160-1500 1.5 kW Diode laser described in detail in chapter 4 
was used for this laser deposition study. A Stainless Steel 316L substrate was 
positioned such that the beam was orthogonal to the surface and of size 2.5 
mm (slow axis) x 3.5 mm (fast axis) at the deposition point. The build materials 
were Stainless Steel 316L and Inconel 718. A FST PF-2/2 Disc-type powder 
feeder, containing two powder canisters with a capacity of 1.5 litres each was 
used to deliver Stainless Steel 316L powder (50-120 μm particle diameter) and 
Inconel 718 (53 – 150 μm diameter) respectively. Powder morphology and 
elemental composition of the Stainless Steel 316L  and Inconel 718 powders 
are given in the Figures 8.1 and 8.2. 
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Figure 8.1: Stainless steel 316L powder morphology and elemental composition (wt 
%) 
 
Figure 8.2 : Inconel 718 powder morphology and elemental composition (wt %) 
 
 
SS 316L and Inconel 718 powders were initially weighted separately and then 
mixed with stirrer for 30 minutes according to the desired weight percentage. 
Grading of two materials was achieved by continuously depositing 3 layers of 
100 wt% SS316L on SS316L substrate block and then increasing the weight 
percentage of Inconel 718 by 25% after every 3 layers and vice versa for 
SS316L powder. Powders were conveyed to the melt pool by argon gas from a 
coaxial nozzle. A two-channel powder feeder was used, allowing mixing of 
the powders in the nozzle before deposition. The nozzle was positioned in 
line with the slow axis of the laser beam. The process parameters used in the 
experiments are shown in Table 8.1. 
 
Chapter 8:  Parametric Study of Development of Ni-Steel FGM by LDMD 
168 
 
 
Table 8.1: Experimental process parameters 
 
Sample No. Power (W) Powder mass flow rate 
(g/s) 
1 450 0.674 
2 550 0.674 
3 650 0.674 
4 750 0.674 
5 450 0.832 
6 550 0.832 
7 650 0.832 
8 750 0.832 
 
Before the experiment, the SS316L substrate was sand blasted in a Guyson 
sand blaster and then degreased using ethanol. The movement in x and y axis 
(horizontal plane) was controlled by a CNC table. The volume surrounding 
the whole setup was kept in an argon-filled chamber (glove-box). Prepared 
thin-walled samples were sectioned in a traverse planes, mounted in a Streur 
epoxy resin and polished to 4000 grit size. All samples were electrolytically 
etched in 10% oxalic acid using a 6 V DC potential. The graded 
microstructures were studied by means of optical microscopy technique. 
Energy dispersive x-ray spectroscopy (EDX) analysis was used to investigate 
the elemental composition. Micro-hardness testing was carried out on the 
cross-sectional planes of the built walls. Wear testing was carried out using a 
Teer Coatings (POD-2) pin on disk wear tester, in which samples were 
subjected to wear by rotation in contact with a WC-Co ball. 
 
 
Chapter 
 
8.4 Results 
 
8.4.1 Macrostructure and 
 
All parameter combinations formed thin continuous wall structures. All of the 
samples produced for analysing the effect of power and powder flow rates 
were well adhered to the substrate, with no signs of track discontinuity a
appeared structurally sound. One of the graded walls is shown in Figure 
 
Figure 8.3: Direct laser metal deposited SS316L/ Inconel 718 functionally graded 
Sample (A) 100% SS 316L, (
 
Analysis of the track dimensions revealed a marked trend towards larger 
deposits with increasing power. The variation in layer height and layer width 
with the primary input variables of delivered power and
rate are shown in Figures 
Mean layer heights ranging from 0.54 
powder flow rate deposition samples, while mean layer height range for high 
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Dimensions 
 
B) 75% SS 316L, (C) 50% SS 316L, (D) 25% SS 
(E) 0% SS 316L 
 powder mass flow 
8.4 and 8.5 respectively.  
mm to 0.76 mm were observed for low 
 FGM by LDMD 
nd 
8.3. 
 
316L, 
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powder flow rate deposition is between 0.63 mm and 0.84 mm, with track 
height increasing with increasing power. Similar trends were observed for 
track width, with the lowest mean layer width of 1.31 mm obtained at a power 
of 450 W and 1.65 mm at a power of 750 W for the low powder flow rate 
condition. At the high powder flow rate, a lowest mean layer width of 1.37 
mm at 450 W and a highest mean layer width of 1.68 mm at 750 W were 
observed. 
For all the samples, layer dimensions were limited by the available laser 
power; however when laser power is increased above a critical, increase in 
layer height and width starts to plateau. This shows that when laser power is 
increased above a critical value, below optimal quantities of powder are 
available to utilise all the laser power, consequently the deposition moves 
from a laser power limited regime to a powder limited regime. This explains 
the flattening off of the findings in Figures 8.4 and 8.5. 
 
 
Figure 8.4: Effect of laser power and powder flow rate on mean layer height 
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Figure 8.5: Effect of laser power and powder flow rate on mean layer width 
8.4.2 Microstructure  
 
The multi-layered walls showed good bonding between the layers. It was 
noted that columnar dendritic growth has prevailed in the all the FGM 
structures as shown in Figure 8.6. At the edges of the cross-section, columnar 
to cellular dendritic growth transitions were observed and these structures 
was also seen to prevail at layer boundaries throughout the parts as shown in 
Figure 8.7. No cracks were found but some porosity was visible in all 
functionally graded LDMD structures. 
 The microscopic characteristics of samples produced under each value of 
powder flow rate are not significantly different apart from their secondary 
dendritic arm spacing (SDAS). 
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Figure 8.6: Sample 3 transverse cross section showing the Inconel 718 addition along 
the wall 
 
Figure 8.7: Cellular grain structure observed at the side of the wall in sample 4 
 
Dendritic 
Structure 
100% Stainless 
Steel 316L 
75% SS 316L 
25% Inco 718 
50% SS 316L 
50% Inco 718 
50% SS 316L 
50% Inco 718 
100% Inco 718 
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The secondary dendrite arm spacing (SDAS) was measured for each layer of 
all the samples and their average was taken. Plots of average SDAS for 0.674 
g/s and 0.874 g/s powder flow rate deposition are shown in Figures 8.8 and 
8.9. For the range of parameters analysed, SDAS ranging from 4.49 µm to 8.44 
µm for low powder flow rate deposition were measured, with the highest 
SDAS being produced with the 100% Inconel 718 powder. While under high 
powder flow rate conditions, the SDAS measured was in the range  4.13 µm to 
7.76 µm. This trend clearly suggests that with increased powder flow rate, 
SDAS is decreased. This effect can be attributed to the rapid quenching that 
leads to the finer dendritic structure observed during high powder flow rate 
deposition process. Moreover, SDAS increased with the height of the build 
showing that the local solidification time also increased somewhat with 
increasing distance from the substrate, which acts as a heat sink. The 
increased solidification times arise from a lower average cooling rate with 
distance from the substrate. This is because the average thermal gradient in 
the build direction decreases as the distance from the substrate increases. 
 
Figure 8.8: Change in Mean SDAS from bottom to top of the wall at low powder flow 
rate 
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Figure 8.9: Change in Mean SDAS from bottom to top of the wall at high powder 
flow rate 
8.4.3 Phase analysis using X-ray diffraction technique 
 
Figure 8.10 (a-e) shows the XRD patterns from representative wall sections 
taken perpendicular to the gradient direction for sample 8. Similar patterns 
were obtained for the rest of the samples. Figure 8.10 (a, b) shows that 
structures produced with 100 and 75 percent of SS316L were entirely 
austenitic with minimum degree of ferrite. It also indicates lack of clear 
orientation of microstructure. As the Inconel 718 weight percentage increases 
new phases comprising of Niobium Carbide (NbC) and Fe2Nb are formed as 
shown in Figure 8.10 (c-e). Quantification of the phases was not possible.  
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Figure 8.10: (a-e) XRD Patterns at different location along the SS 316L -Inco 718 
gradient obtained for sample 8. (a) 100% SS 316L, (b) 75% SS 316L, (c) 50% SS 
316L, (d) 25% SS 316L, (e) 0% SS 316L 
8.4.4 Tensile testing 
 
In all samples moderately ductile fracture took place with only a moderate 
amount of deformation. For all samples, fracture started initially at the 
stainless steel 316L side which then propagated rapidly to the Inconel 718 
side. Cross-section of the fractured surface of sample 1 is shown in Figure 
8.11. 
Chapter 
 
Figure 8.11: Fractured surface of sample 1 with enlarged view of the surface
. 
The summary of the tensile strength data plotted versus laser power in Figure 
8.12 shows a trend for a decrease in tensile strength at high laser powers. 
Moreover, tensile strength seems to increase with the increase in power flow 
rate. Low powder flow rate 
strengths of 526 MPa to 5
deposition process yield
MPa. It can also be seen that at high powder flow rates, high tensile strength 
values are obtained. Reduction of tensile strength can
that grains get larger in size with the increasing heat input 
resistance to the applied load 
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in the deposition process is found to yield tensile 
73.5 MPa. While high powder flow rate 
s tensile strength ranging between 531 MPa
 be explained by the fact 
and these
[300]. 
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Figure 8.12: Tensile strength variation as a function of power at different powder flow 
rates 
 
8.4.5 Hardness distribution 
 
Vickers micro-hardness measurements were made along the length of the 
walls of samples deposited at different powder flow rates and power levels. 
The results are plotted in Fig. 8.13 as a function of the number of layers from 
the substrate. Figure 8.13 (a) shows an approximately parabolic distribution of 
hardness with a maximum measured hardness of 186.1 HV0.1 in the final layer 
and 168.1 HV0.1 in the first layer with high powder flow rate deposition. 
Hardness values of 155.6 HV0.1 and 179.3 HV0.1 are observed in the bottom and 
top layer respectively for low powder flow rate deposition. For the other three 
power levels, similar hardness variation measurements are observed. 
Furthermore, high powder flow rate deposition case results in a higher level 
of hardness compared to the low powder flow rate case. Figure 8.13 (a-d) 
clearly show that, within the multilayer builds studied, the hardness initially 
decreased until weight percentage of Inconel 718 was approximately 
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increased to 50%. From this percentage onwards, increase in hardness of 
layers was observed.  
 
 
(a)                                                                     (b) 
 
(c)                                                                       (d) 
Figure 8.13: Hardness profiles at various powers under different powder flow rates 
 
It is worth noting that there is a significant increase in the hardness in the top 
layers of all the samples. This could be explained by the fact that the final 
layer is not reheated, unlike the reheating experienced by the other layers 
beneath it. Lack of post deposition heat treatment is attributed to the increase 
in hardness. 
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8.4.6 Wear testing 
 
All the sample walls were separated from the 316L substrate, longitudinally 
sectioned and mounted on a Teer Coatings (POD-2) pin on disk wear tester. 
The calculations for the evaluation of the specific wear rate were done by 
employing the software available with the machines supplied by Teer 
coatings Ltd, UK. 
Figures 8.14 and 8.15 show optical and surface profiler images of the wear 
track on the surface of sample 2 following testing under 20 N load and sliding 
speed of 30 mm/s. 
 
 
Figure 8.14: Optical profile of wear track track in sample2 25% SS31675% Inconel 
718 composition by weight after testing under 20 N load 
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Figure.8.15: 3D surface profiler image of the wear track in sample2 25% SS31675% 
Inconel 718 composition by weight after testing under 20 N load 
 
In Figure 8.16, the variations in mean specific wear rate for different power 
levels are shown. Instead of individual wear rate of each layer, a mean 
specific wear rates for three layers of constant composition were calculated 
due to limitation imposed by the diameter of the WC-Co ball used in the test. 
In all the samples, the mean specific wear rate (MSWR) followed an inverse 
relation to the hardness as the composition was changed from Stainless steel 
316L to Inconel 718.  In the first three layers of 100% SS316L MSWR is low; it 
then increases when Inconel 718 is added in the next three layers. After the 
addition of more Inconel 718 in the next 9 layers MSWR reduces. This trend is 
noted for all the samples. Overall MSWR is high at higher power levels used 
as compared to the MSWR observed at low powers levels.  
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  (a)           (b) 
 
(c)                                                               (d) 
Figure 8.16: Means Specific wear rate along the gradient for various powers for 20N 
load and sliding speed of 30 mm/s (a) 450W (b) 550W (c) 650W (d) 750W 
 
8.5 Discussion 
 
Varying laser power and powder flow rate has shown some scope for 
controlling high power diode laser deposition microstructures. Minimising 
power and maximising powder flow rate is found to produce the finest grain 
structure, however these changes in microstructure come at the expense of 
changes in layer height and width. 
Refinement of grain structure or the decrease in secondary dendritic arm 
spacing was found to decrease with increasing power. As the cooling rate 
decreases there is enough time for small dendrite arms to melt and disappear; 
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when this occurs, the secondary dendrite arm spacing of the alloys increases 
[301]. Moreover, the slower the cooling rate during solidification, the longer 
the time available for grain coarsening.  
This characteristics echoes that reported by Wu et al [302] for titanium alloys 
and Griffith et al [169] for austenitic stainless steel and has been attributed to 
the effect of high cooling rates at low powers resulting in fine grain structures. 
It has also been noted that the SDAS increased with the height of the build, 
suggesting that the local solidification time also increased somewhat with 
increased distance from the substrate, which acts as a heat sink. The increased 
solidification times arise from a lower average cooling rate with distance from 
the substrate. This is because the average thermal gradient in the build 
direction decreases as the distance from the substrate increases. 
Analysis of the tensile strength of the graded structure produced under 
various operating condition during high powder diode laser deposition 
yielded an inverse relation between the tensile strength and laser power. As it 
has been discussed above that laser power affects the grain size and SDAS, 
which in turn controls the ultimate strength of the material, lower SDAS 
values are obtained at low power which yields higher tensile strength in the 
material. 
It is interesting to note that the hardness distribution in the samples followed 
an approximate parabolic curve unlike conventional single material 
deposition, in which the hardness of the material decreases when measured 
along the height of the samples starting from the substrate [87]. XRD patterns 
confirm the increasing presence of NbC and Fe2Nb when the Inconel 718 
percentage is increased. According to Fujita et al  [303] NbC and Fe2 Nb 
improve the strength of the material. This can justify the increase in hardness 
when more Inconel 718 is added and more Nb is present to form NbC.  
An inverse relation is obtained for the wear rate and hardness of laser 
deposited SS316L and Inconel 718 graded walls. It is well known that wear 
Chapter 8:  Parametric Study of Development of Ni-Steel FGM by LDMD 
183 
 
resistant materials can be obtained by reinforcing soft phases with harder 
phases [304, 305]. Nb is being used to modify stainless steels to get a good 
combination of thermal fatigue resistance, high temperature strength, 
corrosion resistance, for example in automotive exhaust systems [303, 306]. 
The presence of hard Niobium Carbide (NbC) and Fe2 Nb in the laser 
deposited samples not only increased their hardness but also their wear 
resistance.  Using such functional grading techniques, it provides a means to 
select hardness and wear resistance according to the end user’s s own specific 
need.  
8.6 Conclusions 
 
With the ultimate goal of being able to manufacture novel graded structures 
of Stainless Steel 316L and Inconel 718 by using a diode laser deposition 
process, a set of parametric studies have been undertaken to analyse the effect 
of laser power and powder mass flow rate.   
In the endeavour to determine the functional characteristics of diode laser 
deposited functionally graded walls of Stainless Steel 316L and Inconel 718, 
high resolution optical and scanning electron microscopy, XRD, tensile 
testing, micro hardness testing and wear rate testing have been employed. 
From the results generated the following conclusions can be drawn: 
 
1. Laser deposition process is a feasible method of manufacturing 
functionally grading of SS316L and Inconel 718 materials. 
2. Secondary dendritic arm spacing (SDAS) is strongly dependant on the 
power and solidification time during the manufacture of Ni-Steel FGM. 
3. Effect of laser power and powder flow rate is inversely proportional to 
the tensile strength of the functional part. 
4. Generation of carbide like NbC will create an opportunity to selectively 
control the hardness and wear resistance of the functional material. 
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5. The graded microstructure structure can be useful for applications 
where details of the loading conditions are known and the 
microstructure could be designed to best suit the loading for each 
section of a component. 
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Chapter 9. Conclusions and Future Work 
 
 
9.1 Conclusions 
 
This thesis has covered a wide range of aspects of diode laser deposition of 
dissimilar and functionally graded materials. Although conclusions for each 
set of work are included within the result sections, brief summaries of the 
findings are as follows: 
9.1.1 LDMD of Inconel 718 nickel alloy to Ti-6Al-4V titanium 
alloy  
 
• Duty cycle seems to have no significant effect on the crack 
development. 
• Presence of two brittle phases Ti2Ni and TiNi3 were observed in all the 
deposited samples. 
• Brittle phases and the amount of in-process stress dictate the crack 
formation in the clad. 
• Clad thickness seems to have a significant effect on the debonding of 
the clad from the substrate. 
• Clads with low powder flow rate of 0.358 g/s does not show any sign of 
cracking. 
9.1.2 Finite element modelling of Titanium and Nickel Alloys 
LDMD process 
 
• A three-dimensional thermal and structural finite element model of 
nickel and titanium alloy laser deposition process was developed using 
heterogeneous mesh and temperature dependant properties.  
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• Transient nature of continuous wave and pulsed wave deposition 
LDMD process has been implemented by using element birth and 
death technique available in ANSYS. 
•  Calculated and experimental temperature and residual stress results 
are in good agreement.  
 
9.1.3 Melt pool stability during deposition of Inconel 718 on Ti-
6Al-4V 
 
• An image-based analysis technique has been developed in MATLAB® 
to measure the melt pool surface disturbance and the melt pool size 
during LDMD of Inconel 718 on Ti-6Al-4V.  
• High powder flow rate and carrier gas flow rate and using the laser in 
pulsed mode increase the mean melt pool surface disturbance and 
affect the mean area of the melt pool.  
• The overall melt pool area increased with the increase in powder flow 
rate; the carrier gas flow rates also seemed to play important roles in 
determining the melt pool size. 
•  Increase in carrier gas flow rate lead to a small and shorter pool, 
possibly due to changes in powder stream characteristics or recoiling 
powder. 
• It has been observed that with the increase in melt pool surface 
disturbance, low level of surface roughness of the deposited part can 
be achieved. 
9.1.4 LDMD of functionally graded Inconel 718 and Stainless 
steel 316L. 
• Functionally grading of Inconel 718 and Stainless steel using LDMD 
process provides an alternative method of manufacturing. During the 
manufacture of Inconel 718 and stainless steel 316L graded structure, 
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dendritic growth was observed and secondary dendritic arm spacing 
(SDAS) dependency on power and solidification time was observed. 
• Effect of laser power and powder flow rate is inversely proportional to 
the tensile strength of the functional part. 
• Generation of carbide like NbC will create an opportunity to selectively 
control the hardness and wear resistance of the functional material. 
This opens up the opportunity to change these properties on and when 
required basis 
9.2 Recommendations Future Work 
 
This work presented in this dissertation opens new opportunities for further 
research. As a direct result of the work presented in this dissertation the 
following suggestions can be made.  
 
9.2.1 Modelling 
 
• A number of imaging techniques such as computerised X-Ray 
tomography can be used to produce detailed 3D images that may be 
used for physics based modelling. By using such techniques structures 
manufactured by LDMD process can be explored based on its original 
structure instead of conventional method of assuming pre-defined 
geometry. These original structures can be tested using any 
commercial finite element package. 
• Modelling of the residual stress fields especially for the functionally 
graded structures is an important step that needs to be taken.  
• Application of the such models to optimise LDMD process for various 
applications  
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9.2.2 Testing 
 
• Investigating and documentation of the thermo-mechanical properties 
of alloys developed using LDMD process such as conductivity, surface 
tension temperature coefficient and yield stress etc. This data will be 
useful for thermo-structural modelling which is currently unknown for 
many alloys.  
• The effect of different types of carrier gas on the melt pool stability 
should be tested. 
• Effect of shield and/or carrier gas in LDMD process is nozzle 
dependant. By using different types of nozzles i.e. lateral and coaxial; 
elucidating the effect of shielding gas on the deposited structures needs 
to be made. 
• Measuring residual stresses in the FGM using neutron diffraction 
techniques. 
• Examination of the performance of components manufactured using 
laser deposition should be performed, ideally in comparison with 
traditionally manufactured components. 
• Exploitation of more materials to build FGMs. 
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Appendix A: APDL used for the 
thermal modelling of Laser Direct 
Metal Deposition process  
_____________________________________________________________________ 
/SOLU 
/NERR,0,,,, 
LSCLEAR, ALL 
ANTYPE,TRANS                 
TRNOPT,FULL   
LUMPM,0  
NROPT,FULL   
RESCONTROL,NORESTART,ALL, LAST, 0 
OUTPR, ALL,ALL 
OUTRES, ALL,ALL 
IC,ALL,TEMP,293 
ASEL,S,LOC,Y,0,0 
ASEL,A,LOC,Z,0,0 
ASEL,A,LOC,x,0,0 
ASEL,A,LOC,x,48e-3,48e-3 
ASEL,A,LOC,z,-50e-3,-50e-3 
ASEL,A,,,92 
ASEL,A,,,62 
ASEL,A,,,4 
ASEL,A,,,56 
ASEL,A,,,84 
ASEL,A,,,75 
ASEL,A,,,95 
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ASEL,A,,,82 
SFA,ALL,1,CONV,20,293  
ASEL,ALL 
CMSEL,S,FULL CLAD,ELEM 
EKILL,ALL 
ALLSEL,ALL   
multipro,'start',3 
    *cset,1,3,st_ep,'Enter the Number of Time Step', 
    *cset,4,6,tm_sp,'Enter the Time Step Size', 
    *cset,7,9,po_er,'Enter the Laser Power',  
multipro,'end' 
CO_01=0 
COUNT=0 
*DO,i_1,1,st_ep,1 
COUNT=COUNT+1 
CMSEL,S,BEAM%COUNT%,ELEM 
SFE,BEAM%COUNT%,4,HFLUX,,po_er 
ESEL, ALL          
CMSEL,S,CLAD%COUNT%,ELEM  
EALIVE,ALL   
ALLSEL,ALL 
NEQIT,1000 
NSUBST,1,1,1 
AUTOTS,1 
EQSLV,SPAR   
LNSRCH,1 
CO_01=CO_01+tm_sp 
TIME,CO_01 
SOLVE 
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SFEDELE,BEAM%COUNT%,4,HFLUX 
*ENDDO 
CO_01 = CO_01+6000  
TIME,CO_01 
NSUBST,5,10,1 
OUTPR, ALL,ALL 
OUTRES,ALL,LAST   
AUTOTS,1 
EQSLV,SPAR  
LNSRCH,1 
NEQIT,500 
ALLSEL,ALL 
SOLVE  
FINISH 
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Appendix B: APDL used for the 
structural modeling of Laser 
Direct Metal Deposition process 
_____________________________________________________________________ 
/SOLU 
/NERR,0,,,, 
LSCLEAR, ALL 
CMSEL,S,Full Clad   
ekill,all  
ALLSEL,ALL 
ASEL,S,LOC,Y,11e-3,11e-3 
NSLA,S,1 
D,ALL, ,0, , , ,UX,UY,UZ, , ,  
LSEL,S,,,10 
LSEL,A,,,124 
LSEL,A,,,149 
LSEL,A,,,52 
LSEL,A,,,157 
LSEL,A,,,154 
NSLL,S,1 
D,ALL, ,0, , , ,UX,UY,UZ, , ,  
ALLSEL,ALL 
count=0 
Co_01=0 
*DO,i_1,1,22,1 
Co_01=Co_01+0.4375 
count=count+1 
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ANTYPE,TRANS                 
TRNOPT,FULL 
LUMPM,0  
AUTOTS,1 
CNVTOL,F, , , 2, , 
CUTCONTROL,PLSLIMIT,1 
LNSRCH,1 
NEQIT,100 
NSUBST,1,1,1 
CMSEL,S,CLAD%count%    
EALIVE,ALL 
ESEL,S,LIVE 
ALLSEL,ALL 
ESEL,ALL  
LDREAD,TEMP,,,Co_01, ,'CW','rth','..\Thermal Results\'  
TIME,Co_01  
SOLVE 
*ENDDO 
CO_01 = CO_01+6000  
TIME,CO_01 
ANTYPE,TRANS                 
TRNOPT,FULL 
LDREAD,TEMP,,,Co_01, ,'CW','rth','..\Thermal Results\'  
TIME,CO_01   
LUMPM,0  
AUTOTS,-1 
CNVTOL,F, , , 2, , 
CUTCONTROL,PLSLIMIT,1 
LNSRCH,1 
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NEQT,300 
DELTIM,600, , ,1 
SOLVE 
FINISH 
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Appendix C: Image Analysis Code 
developed in MATLAB 
_____________________________________________________________________ 
function [DEV, MAX, LENGTH, Dmm] = ripple(imageFile) 
THRESHOLD   = 5; % Range: 1 to 50 
 DILATION    = 12; % Range: 2 to 20    
TOLERANCE   = 30;% Range: 5 to 100 (connecting line-segments) 
 imageFile='R1_v3.bmp'; 
 img0 = imread(imageFile); 
 img1  = 255-rgb2gray(img0); %  
figure(1);subplot(2,3,1);imshow(img1); 
img2 = histeq(img1); 
figure(1);subplot(2,3,2);imshow(img2); 
img3 = 255*(img2>160); % 
figure(1);subplot(2,3,3);imshow(img3); 
img4 = 255*(img3>240); %  
edg1 = edge(img4,'canny'); % edg2 = 255*(edg1>0); 
se = strel('disk', DILATION ); 
edg3 = imdilate(edg2,se); 
figure(1);subplot(2,3,4);imshow(edg3); 
[Ht,T,R] = hough(edg3,'ThetaResolution', 1 ); 
MaxIntensity = max(max(Ht)); 
thresh = MaxIntensity-THRESHOLD; 
Ht2 = 255*(Ht>thresh); 
HP  = houghpeaks(Ht2); 
th = T(HP(:,2)); ro = R(HP(:,1)); 
 % figure(2);imshow(Ht, [0 255] ); 
% figure(2);hold on;  
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% plot(HP(:,2),HP(:,1),'s','color','white'); 
% hold off; 
lines = houghlines(edg3,T,R,HP,'FillGap',5,'MinLength',7); 
LL = length(lines); 
figure(1);subplot(2,3,5);imshow(edg2);hold on; 
max_len = 0; 
for k = 1:LL 
xy = [lines(k).point1; lines(k).point2]; 
plot(xy(:,1),xy(:,2),'LineWidth',2,'Color','green'); 
len = norm(lines(k).point1 - lines(k).point2); 
if ( len > max_len) 
max_len = len; 
xy_long = xy; 
end 
end 
hold off; 
dtr = bwdist(edg2); 
figure(1);subplot(2,3,6); 
imshow(dtr, [0 255] ); 
figure(3);imshow(img0, [0 255] );hold on; 
szDTR = size(dtr); 
DEV=0; 
TL=0; 
Xmax = -1; 
Xmin = -1; 
Ymax = -1; 
Ymin = -1; 
for k = 1:LL 
x1 = lines(k).point1(1); 
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y1 = lines(k).point1(2); 
x2 = lines(k).point2(1); 
y2 = lines(k).point2(2); 
dd = sqrt( (x2-x1)'*(y2-y1) ); 
if(dd>TOLERANCE) 
if(Xmax<0),Xmax=x1;end 
if(Ymax<0),Ymax=y1;end 
if(Xmin<0),Xmin=x1;end 
if(Ymin<0),Ymin=y1;end 
if(Xmax<x1),Xmax=x1;end 
if(Xmax<x2),Xmax=x2;end 
if(Xmin>x1),Xmin=x1;end 
if(Xmin>x2),Xmin=x2;end 
 if(Ymax<y1),Ymax=y1;end 
if(Ymax<y2),Ymax=y2;end 
if(Ymin>y1),Ymin=y1;end 
if(Ymin>y2),Ymin=y2;end 
end 
m  = (y2-y1)/(x2-x1); 
X  = x1:x2; 
Y  = round(m*(X-x1) + y1); 
Nxy= length( X ); 
td = zeros(1,Nxy); 
for i=1:Nxy 
 x = X(i); 
 y = Y(i); 
if(x<szDTR(1) && y<szDTR(2) ) 
td(i) = dtr( Y(i), X(i) ); 
DEV = [ DEV td(i) ]; 
 220 
 
end 
end 
plot( X, Y,'g.'); 
plot( X, Y-td-10, 'r'); 
end 
PT1 = [ xy_long(1,1); xy_long(1,2)]; 
PT2 = [ xy_long(2,1); xy_long(2,2)]; 
plot( [PT1(1) PT2(1)], [PT1(2) PT2(2)], 'b*'); 
plot( [Xmin Xmax], [Ymin Ymax], 'r*'); 
hold off; 
DEV     = sum(DEV)/length(DEV); 
MAX     = sqrt( (PT1(2)-PT2(2))*(PT1(1)-PT2(1)) );     
LENGTH  = sqrt( (Ymax-Ymin)*(Xmax-Xmin) );  
Dmm = (2.4/220)*DEV;  
end 
 
 
 
 
